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Abstract 
Cerebral palsy (CP) is a neuromuscular disorder that affects the motor control of 
muscles. CP children exhibit abnormal walking patterns and frequently develop lower 
limb, long bone deformities. To improve functionality and guide orthopaedic 
treatments effectively, it is critical to elucidate the relationship existing between bone 
morphology and movement of the lower limbs CP children. 
The hypothesis of this study is that gait abnormalities result in bone deformities. The 
investigation of this complex relationship represents the core of this thesis. 
The examination of magnetic resonance images and gait analysis of healthy and CP 
children showed different development in femoral and tibial morphology and varied 
gait characteristics between them. Similarly, different correlations between bone 
morphology and gait characteristics resulted in healthy and CP children. 
Gait characteristics also varied between CP children. An objective and quantitative 
graphical classification method of CP gait patterns was developed. This classified the 
CP children in overlapping clusters according to their gait patterns, confirming the 
presence of multiple gait abnormalities on the same lower limb for CP children. 
With the intention to define the effect of the walking characteristics on the bone 
structure, femoral muscle and hip contact forces in healthy and CP children with 
different walking strategies were estimated by using inverse dynamic analysis. The 
different gait styles resulted in different loadings on the developing femur bone. 
These constituted the loading conditions for bone growth analysis. 
A three-dimensional finite element model for femoral growth was developed and 
mechanobiological theories applied in order to predict femur changes over time in 
healthy and CP children. The models predicted higher femoral anteversion and neck-
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shaft angle formation in children with CP, emphasizing how different gait 
characteristics can influence bone morphology. 
This information has potential to explain and eventually prevent or treat the 
development of bone deformities in CP children. 
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1. Introduction 
Cerebral palsy, also known as  CP, is the most common motor disorder originating in 
childhood (Abel et al., 1998), occurring in 0.25% of the population (Pharoah et al., 
1998). It affects the motor control of muscles, generating lack in balance and 
movement. Children with cerebral palsy exhibit abnormal walking patterns, such as 
crouch gait, in-toeing, toe walking, scissor walking, and frequently develop lower 
limb, long bone deformities, such as femoral anteversion and tibial torsion. 
Inappropriate muscle activity, bone deformities and joint contractures within the leg 
compromise its role during gait, restricting the available range of motion and 
increasing the amount of muscular work required to propel the body forward. 
Furthermore, weight bearing may itself exacerbate bone deformity. The combined 
effect of these factors results in elevated energy cost, discomfort, and lack of 
endurance whilst walking. 
Usually, surgeons believe that hip, knee and foot rotation during gait are due to 
increased femoral anteversion, tibial torsion, genu varum or foot deformities like 
metatarsus adductus. However, it is difficult to assess if bone deformities result in 
gait abnormalities or if abnormal gaits alter the growth patterns and result in bone 
deformities. 
Numerous previous studies indicate that loading is required for normal bone growth 
(Hall and Herring, 1990; Germiller and Goldstein, 1997). The hypothesis of this study 
is that gait abnormalities result in bone deformities. The investigation of this complex 
relationship represents the core of this work. This includes the examination of the 
correlations existing between gait characteristics and bone morphology in healthy and 
CP children, the modelling of the different CP gait abnormalities patterns and their 
1. Introduction 
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consequential loadings on bone during walking and finally the development of a 
computer model of the bone growth in cerebral palsy in order to predict bone 
deformities. 
Research in cerebral palsy to date has characterised gait, measured changes in 
muscles, and examined outcomes of various surgeries. Though it is known that bone 
deformities arise in children who walk with affected gait patterns, no studies to the 
author’s knowledge have determined the effects of gait abnormalities on bone 
deformities and predicted the morphological bone changes over time. 
Understanding how gait characteristics influence bone morphology in CP is necessary 
to explain, prevent or treat the development of the skeletal growth deformities. 
Identifying which muscles are important in creating proper loading on the bones 
could help therapists determine exercise programs to hinder the progression of bone 
deformities. Knowing how abnormal loadings on bone generate bone deformities 
could prove to be a powerful tool for surgeons who must decide on the optimal 
surgical treatment in order to recover functionality and normal gait patterns. 
 
1.1 Thesis outline 
Chapter 2 defines and describes CP, particularly focusing on bone deformities and 
gait abnormalities and their implications on walking abilities. Current processes 
treatments of CP are reviewed and their limitations identified, highlighting the 
motivation for this research. 
Chapter 3 investigates the correlations between lower limb bone morphology and gait 
characteristics in healthy children and CP children. Femoral and tibial bone 
morphology is measured analysing magnetic resonance images (MRIs) and gait 
1. Introduction 
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characteristics are taken from gait analysis. Statistical analysis is conducted to 
examine the relationships between the gait parameters and between those and the 
bone morphology in healthy and CP children separately. In this study, differences in 
femoral and tibial morphology are observed between healthy and CP children. 
Similarly, gait characteristics vary between the two groups of children and 
correlations between bone morphology and gait parameters also differ between 
healthy and CP children. 
Chapter 4 analyses how gait characteristics differ between CP children. An objective 
and quantitative graphical classification method of CP gait patterns is developed. 
Principal component analysis identifies the dominant variability in the gait data when 
healthy and CP children are grouped together and fuzzy C-means cluster analysis, 
performed on the first three principal components, classify them in groups. As a 
result, only the healthy children form a distinct cluster. However, it is possible to 
recognise gait patterns in overlapping clusters in children with CP, confirming the 
presence of multiple gait abnormalities on the same lower limb for these children. 
Chapter 5 defines how different walking strategies in CP children result in different 
loading conditions on the developing bone, which may affects its growth. In this 
study the assessment of the loading conditions is difficult in vivo, therefore, the 
muscle and hip joint contact forces in one healthy child and three CP children with 
different walking strategies are estimated by using inverse dynamic analysis, 
representing a first step in estimating the loading conditions on the femur in CP gait. 
A healthy adult model is adapted to a child model and the optimization function for 
minimizing muscle activation is used for determining muscle forces. In this study, the 
different gait characteristics are reflected by dissimilar patterns and magnitudes of the 
1. Introduction 
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muscle and hip joint loadings. These results constitute the loading conditions for bone 
growth analysis.  
Chapter 6 investigates the influence of the loading conditions on proximal femur bone 
growth during walking. A background to the mechanobiological principles that 
regulate the ossification process and bone growth accordingly with loading conditions 
is presented. Finite element analysis is used to simulate changes in proximal femur 
morphology over time in healthy and CP children as effect of mechanical loadings. 
This study predicts different proximal femur in children healthy and CP children. 
Chapter 7 draws conclusions about the implications of this thesis and identifies future 
directions for further research. 
2. Clinical background 
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2. Cerebral palsy 
2.1 Definition and description 
Cerebral palsy is a disorder in movement and posture caused by a non-progressive 
lesion in the immature brain, which results in progressive musculoskeletal pathology. 
The causes of CP are still obscure. Nevertheless, it is known that premature infants 
are 30% more likely to develop CP than babies born at full term (Pharoah et al., 
1998). It is thought that anatomical and physiological underdevelopment of the 
vascular and neurological networks within the brain of the preterm baby is 
responsible for the increased susceptibility. Low birth weight presents another 
potential risk. Other risk factors are associated with intrauterine infection or peri-natal 
obstetrical problems, including difficult or prolonged labour and delivery, obstruction 
of the umbilical cord and birth trauma. Post-natal events such as brain infections and 
head injury have also been documented as potential precursors to the developments of 
cerebral palsy. 
CP is generally recognized in the early years as developmental delay becomes 
apparent. Though various kinds of medical scans can help doctors identify some brain 
abnormalities, the disorder is most often diagnosed by its symptoms. These may 
include retention of primitive reflexes and involuntary reactions, muscular weakness 
and ‘floppiness’ (hypotonia), assumption of abnormal and awkward positions, which 
can lead to skeletal disorders, favouring one side of the body over the other, poor 
muscle control and lack of coordination, muscle spasms or seizures, problems with 
sucking, chewing, and swallowing, difficulty in speaking and in concentrating, 
2. Clinical background 
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problems in hearing and vision and trouble in interpreting sense perceptions, such as 
inability to identify objects by touch (Crothers, 1951; DeLuca, 1996). 
 
2.2 Classification 
CP is classified by the body part involved and by the nature of movement 
disturbance. CP classification based the body part involved includes three main 
groups: hemiplegia refers to a CP where the arm and the leg on one side are affected; 
diplegia is the involvement of two limbs on opposite sides, such as both legs; 
quadriplegia refers to CP affecting all four extremities as well as trunk and neck 
muscles. 
CP classification based on the nature of movement disturbance includes four major 
sub-divisions: spastic refers to the inability of a muscle to relax; athetosis refers to an 
inability to control the movement of the muscle; ataxia refers to a balance and 
coordination problems; and mixed CP presents a mixture of spasticity and athetosis. 
The current study examines children with spastic diplegia, which represents the most 
common form of CP (Dabney et al., 1997). Long term spasticity eventually results in 
muscle contracture and gait abnormalities, and can also lead to bone and joint 
deformities. 
 
2.3  Gait abnormalities 
Although CP is neurological in origin, consistent and sustained deviation in muscle 
activity has inevitable consequences for the musculoskeletal system. Children with 
CP generally start walking later than healthy children. Their gait is often 
characterized by in-toeing, toe walking, flexed knees, rotated hips and pelvic tilt. 
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Children with CP usually walk slower than healthy children, with shorter step length 
and longer step time. Table 2.1 shows a list of the most common lower limb gait 
abnormalities occurring in the sagittal plane in children with spastic diplegia. 
GAIT ABNORMALITY EFFECTS ON GAIT MUSCLES INVOLVED 
Equinus Toe walking Overactive gastrocnemious 
and soleus 
Jump knee Increased knee flexion at 
initial contact with the floor 
Toe or flat foot strike 
Increased hip flexion in 
stance 
Moderate hamstring 
tightness 
Overactive hip flexors, knee 
flexors, plantarflexors 
Rectus co-spasticity 
Crouch knee Increased stance phase hip 
flexion 
Knee flexion >30° throughout 
stance 
Excessive dorsiflexion 
throughout stance 
Hip flexion contractures 
Knee flexion contractures 
Severe hamstring tightness 
Recurvatum Toe or flat foot strike 
Hyperextension at the knee 
during stance 
Tendon Achilles tightness 
Hip flexion contracture 
Some hamstring tightness 
Stiff knee Delayed and reduced peak 
knee flexion in swing 
Reduced range of movement 
in swing  
Rectus co-spasticity in 
swing 
Table 2. 1 Common gait abnormalities recurrent in children with spastic diplegia CP: description of 
gait and muscle involved (Winters et al., 1987; Sutherland and Davids, 1993) 
 
2.4 Lower limb bone deformities 
Children with CP have normal skeletons at birth (Majestro and Frost, 1971; Lundy et 
al., 1998) but often develop skeletal deformities in the lower limbs after birth. These 
deformities include acetabular malformations, hip dislocations, elevation of the tibial 
tubercle, fragmentation of the patella, tibial torsion, and equinovarus and planovalgus 
foot deformities. This study particularly concentrated on deformities in the femur and 
tibia. 
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Torsional deformities in the long bones of the leg, such as femoral anteversion and 
tibial torsion, are frequently observed in CP children. Femoral anteversion is defined 
as the angle between the neck axis and the posterior-condylar axis projected onto a 
plane perpendicular to the long axis of the femur (Hoiseth et al., 1989; Kim et al., 
2000). Femoral anteversion is therefore a condition in which the femoral neck is 
anterior to the rest of the femur. Normal femoral anteversion is 40° at birth, 24° at ten 
years of age, 16° by mid to late adolescent and about 15˚ at skeletal maturity 
(Schneider et al., 1997; Bobroff et al., 1999; Jenkins et al., 2003; Tamari et al., 2005). 
In patients with spastic diplegia the femoral anteversion is commonly 20˚ to 50˚ 
greater than normal (Davids et al., 2003). 
Internal tibial torsion is a condition in which the tibia is rotated inwardly (internally) 
or outwardly (externally) along its long axis. At birth normal tibial version is -15° 
(Schneider et al., 1997; Tamari et al., 2005). This increases to +5° of external rotation 
by the end of first year; +10° by mid childhood and normal external rotation in 
adulthood is 2°-24° (Schneider et al., 1997; Tamari et al., 2005). In CP children tibial 
torsion can vary far from the normal value rotating either internally or externally. 
Femoral neck-shaft angle and bicondylar angle affect the alignment of the upper leg 
and distribution of forces at the hip joint and knee. They also change during 
development. In early healthy infancy the neck-shaft angle is about 150°, in 
childhood about 140°, in the adult about 125°, and in the elderly about 120° (Isaac et 
al., 1997). Bicondylar angle is 0° at birth and increases during the growth to 8°-11° in 
skeletal maturity (Tardieu and Damsin, 1997). In diplegic children the neck-shaft 
angle may be increased by 30˚ to 50˚ (Davids et al., 2003), while bicondylar angle is 
lower than normal (Tardieu and Damsin, 1997). 
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The normal changes in bone morphology during growth are critical to 
musculoskeletal functionality. Deviations from these normal patterns result in altered 
stresses, changes in the line of muscle pull, and abnormal joint force. 
 
2.5 Common types of treatment 
Since no cure exists for CP, the major goals in caring for children with cerebral palsy 
are to improve their function and prevent deformities. For children who are able to 
walk, maintaining and optimizing that ability and their independence, is a primary 
target. Treatment goals for children with cerebral palsy who are not able to walk 
focus on helping the child maintain comfortable, balanced, and level seating in a 
wheelchair. This helps the children remain upright in order to observe their 
surroundings and communicate with the world around them. Among the treatments 
used for caring for CP children are non-surgical and surgical therapies. 
 
2.5.1 Non-surgical treatment 
Physiotherapy is the mainstay of the treatment in all cases of cerebral palsy. It 
improves walking, stretches spastic muscles and prevents deformities. Physiotherapy 
consists of passive movements of the joints to correct contractures and to stretch out 
and relax the spastic muscles. Active exercises are given to establish movement 
patterns and teach rhythmic contractions and relaxations of muscles. Some of these 
use the Bobath technique, in which exercises first focus on countering primitive 
reflexes and then on extending the range of voluntary movement, sometimes with the 
help of behaviour modification, offering positive reinforcement to help children act 
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against the body's awkward inclinations (Crothers, 1951; Bachrach, 1989; Bache et 
al., 2003). 
Drugs include muscle relaxants for spastic muscles and anti-seizure drugs, if epilepsy 
is involved. These include diazepam, baclofen, and dantrolene. They have been 
shown to reduce tone and alleviate pain in children of all ages. Botulinum Toxin Type 
A, injected intramuscularly, blocks the release of acetylcholine at the neuromuscular 
junction, which essentially denervates the muscle and reduces tone. It has a maximum 
effect approximately two weeks following injection, and lasts between four and eight 
months. 
Orthotic devices, such as brace and splints, use external force to correct muscle 
abnormalities and are prescribed to support children in standing postures and train 
them in walking. Night splints are used to maintain the correct position of the knee, 
foot and hand. 
Mechanical aids, such as wheelchairs, walkers, page-turners, specially equipped 
automobiles, are used for children who are not independently mobile. 
Often combinations of different treatment modalities are used in conjunction to 
achieve optimal outcomes in function. The precise nature of any functional 
difficulties and specific goals of treatment, need to be elucidated prior to 
implementing any intervention. 
 
2.5.2 Surgical treatment 
Orthopaedic surgery is often recommended when spasticity and stiffness are severe 
enough to make walking and moving about difficult or painful. The aim of surgery in 
CP is to correct deformities and stabilise joints in order to improve lower limb 
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function. Surgery plays only an adjuvant role in the total management of these 
children and must be followed by further physiotherapy to train the children in 
walking and other activities. 
Correction of fixed contractures of muscle-tendon units in spastic diplegia is achieved 
by muscle-tendon recession or fractional lengthening. Typically, this is done in 
walking children who either have a scissor gait (thigh adductors), crouch gait (thigh 
hamstrings) or equinus (thigh gastrocnemius muscle) to improve contractures at the 
hip, knee or ankle. An incision is made on the skin (1-4 cm) over the affected muscle 
and parts of it are cut to release the tightness. However, determining the specific 
muscles responsible for the gait abnormalities can be really difficult. More than 30 
muscles, working at the right time using the right amount of force, are engaged for 
each leg during walking. A problem with any of those muscles can cause an abnormal 
gait. Moreover, because the body makes natural adjustments to compensate for 
muscle imbalances, these adjustments could appear to be the problem, instead of a 
compensation, making the spastic muscle even more arduous to be individuate.  
Correction of bony torsion requires derotational osteotomies. The paediatric 
orthopaedic surgeon intentionally cuts the femur or tibia bone (osteotomy), rotates it 
back into a more normal position (derotation), and then stabilizes it in the correct 
anatomical position. Correction of in-toed gait and medial femoral torsion by external 
rotation osteotomy of the femur helps in restabilising the limb function. Proximal 
femoral osteotomy is the procedure of choice for in-toed gait in the presence of hip 
dysplasia or subluxation. If the hips are stable, distal femoral osteotomy is preferred 
over proximal femoral osteotomy, being an equally effective procedure. In either 
case, precise correction, stable fixation and early mobilisation are essential to a good 
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outcome. Supramalleolar osteotomy of the tibia and fibula is performed for correction 
of lateral tibial torsion. Bony surgery in children with spastic diplegia can be 
associated with slow rehabilitation and loss of function (Kerr Graham and Selber, 
2003). 
Corrections made during orthopaedic surgery may be temporary. As the person 
grows, the same muscles operated may become thigh and cause contractures, or the 
bone deforms again and additional surgery may be needed. 
Other surgical procedures, involving dorsal rhizotomy, stereotaxic thalamotomy and 
spinal cord stimulation, treat spasticity and tremor by reducing the amount of 
stimulations of certain muscles via the nerves. These neurosurgeries are 
recommended only for cases of severe spasticity when all of the more conservative 
treatments have failed to reduce spasticity or pain. Even though the use of 
microsurgery techniques has refined the practice of neurosurgeries, concerns arise 
about their invasiveness and irreversibility. Ongoing research still continues to look at 
their effectiveness. 
 
2.6 Conclusions 
In order to improve lower limb function, many CP children undergo extensive multi-
level surgery and non-surgical therapies. With many different bone and muscle 
malformations and levels of functionality, it is often difficult to determine which 
treatment procedure is appropriate. In order to improve treatment planning, it is 
therefore important to clarify the relationship existing between bone morphology and 
movement of the lower limbs in children with CP. 
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3. Correlation between bone morphology and gait 
characteristics 
Internally rotated and equinus gait, reduced range of lower limb joint motion and 
crouch walking are common characteristics of spastic diplegic gait in cerebral palsy. 
Children with CP develop a range of bone deformities including femoral anteversion, 
coxa valga, tibial torsion and a variety of foot deformities. It has been proposed that 
loading on the bone influences the process of endochondral growth and ossification 
(Carter et al., 1987; Wong and Carter, 1988). Bone deformities may therefore 
indicate altered loading on the bones (Shefelbine and Carter, 2004) or failure to grow 
out of foetal alignment. Thus, in order to guide orthopaedic treatment effectively, it is 
important to determine if there is a relationship between bone morphology and 
movement of the lower limbs in children with CP. 
Several studies have examined some aspects of this complex relationship in healthy 
and/or CP children. McMulkin et al. (2000) determined the relationship between 
seven static measurements of hip, knee, and angle joint range of motion with ten 
dynamic measurements of hip and knee function during gait. The authors did not find 
any correlations between clinical and gait measurements in either group of children. 
However, they did not consider any variables in the transverse plane, where 
deviations frequently occur in CP. Other studies investigated the relationship between 
transverse plane kinematic variables and femoral anteversion and tibial torsion in CP 
children, using gait analysis measurements and computer tomography or ultrasound 
imaging (Staheli et al., 1968; Aktas et al., 2000; McKenna et al., 2000). The results 
of these studies were conflicting thus the relationship between increased bony 
torsions and internally rotated gait in CP remains unclear (Kim et al., 2005). Some 
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studies indicated that femoral anteversion had no correlation with rotation of the 
pelvis and hip during gait (Staheli et al., 1968; Aktas et al., 2000; McKenna et al., 
2000), while others found correlations between femoral anteversion and pelvic 
rotation (Noritake et al., 1998) or hip rotation (Kerr et al., 2003). These studies also 
showed that measurements of hip rotation during gait correlated with passive hip 
rotation (Kerr et al., 2003) and tibial torsion (Aktas et al., 2000). These studies only 
examined correlations between two-dimensional bone morphology and gait 
characteristics from one anatomical plane. 
Data regarding the relationship between the most common deformities in the lower 
limb long bones and gait characteristics in the three anatomical planes are lacking. 
The aim of this study was to investigate the relationship between the three-
dimensional morphology of the femur and tibia and the gait characteristics in three 
anatomical planes in children with spastic diplegic CP. Understanding the 
relationship between gait abnormality and bone deformity could eventually help in 
developing treatment regimes that will address gait deviations at the correct level and 
promote normal bone growth in children with CP. 
 
3.1 Methods 
3.1.1 Subjects 
Magnetic resonance images (MRIs) of the femur and tibia and gait analysis data were 
obtained from ten healthy subjects (mean 8 years and 7 months, SD +/- 2 years and 7 
months) and nine subjects with spastic diplegic CP (mean 9 years and 2.5 months, 
SD +/- 1 year and 10.5 months). Healthy subjects were pre-pubertal with no history 
of lower limb disorders. Children with CP were recruited from the regular outpatient 
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clinics held at the Nuffield Orthopaedic Centre, Oxford, UK, in a consecutive and 
prospective manner. Inclusion criteria were pre-pubertal age (6 -13 years), confirmed 
diagnosis of spastic diplegic CP, ability to walk independently and to understand and 
co-operate with the testing protocol. CP subjects in this study had no previous 
surgical treatment; however, some had previously been treated with anti-spasmodic 
medications, botulinum toxin or orthoses. Gross Motor Function Classification 
System (GMFCS) level was assessed for each child (mean 2, SD +/- 0.87). These 
data were previously collected at the Nuffield Orthopaedic Centre but required 
significant further analysis to fully utilize all of the raw data. The hospital’s research 
and development committee and regional ethical approval was obtained for this 
study. 
 
3.1.2 Bone morphology analysis 
Bone morphology of CP and healthy children were obtained by analysing the 3D 
MRIs (0.98 mm in-plane resolution, 2.5 mm slice width) taken with a T1-weighted 
3D gradient echo sequence (TR/TE 20/15 ms). Magnetic resonance imaging is a non-
ionizing imaging modality that uses magnetic field gradients to image tissues. 
Though it is primarily used to image soft tissues by detecting water and fat content in 
tissue, it can also be used to image bone, allowing the analysis of its 3D morphology. 
 
Bony landmarks 
Locations of anatomical landmarks along the femur and tibia were detected using 
medical imaging software (Analyze 6.0, B.I.R., MN). Six anatomical points were 
located on the femur. The lateral and medial epicondyles (LEP, MEP) were taken as 
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the most lateral and medial projections of the distal femur. The lateral and medial 
posterior condyle (LPC and MPC) were taken as the most posterior lateral and medial 
projection of the distal femur. The great trochanter (GT) was taken as the most lateral 
projection of the great trochanter. The femoral head centre (FHC) was estimated as 
the centre of a sphere fit to the femoral head (Figure 3.1(a)). 
Eight anatomical points were located on the tibia. The lateral and medial malleoli 
(LM, MM) were taken as the most lateral and medial projections of the distal tibia. 
The lateral and medial tibial condyles (LC, MC) were taken as the most lateral and 
medial projections of the proximal tibia; the posterior lateral and medial tibial 
condyle (PLC, PMC) were the most posterior lateral and medial projection of the 
proximal tibia; the fibular notch (FN) was taken as the midpoint of a line across the 
fibular notch, and the centre of the pilon tibiale (CC) was estimated as the centre of a 
circle fitted to the pilon tibiale (Figure 3.1(c)). 
 
 
Figure 3. 1 (a) Femur anatomical landmarks (great trochanter (GT), femoral head centre (FHC), lateral 
epicondyle (LEP), medial epicondyle (MEP), lateral posterior condyle (LPC), medial posterior condyle 
(MPC)) (Adapted (Jenkins et al., 2003)). (b) Femur bone-embedded ISB coordinate system (Wu et al., 
2002). (c) Tibia anatomical landmark (lateral malleoli (LM), medial malleoli (MM), lateral condyle 
(LC), medial condyle (MC), posterior lateral condyle (PLC), posterior medial condyle (PMC), fibular 
notch (FN), centre of the pilon tibiale (CC)) and bone-embedded ISB coordinate system (Wu et al., 
2002) 
 
3. Bone morphology and gait characteristics 
 
 
 31 
These bony landmarks were used to define bone-embedded ISB (International 
Society of Biomechanics) femoral and tibial Cartesian coordinate systems (Wu et al., 
2002). The coordinate systems allowed reorientation of the femur and tibia in three-
dimensional space independent of the position of the bone in the scan plane. 
  
Coordinate system 
Using the ISB recommended coordinate systems (CS), the origin of the femoral CS is 
coincident with the femoral head centre. The y-axis is the line joining the midpoint 
between the medial and lateral femoral epicondyles (FEs) and the origin, and points 
cranially. The z-axis is the line perpendicular to the y-axis, lying in the plane defined 
by the origin and the two FEs, and points laterally. The x-axis is perpendicular to 
both y- and z-axis, pointing anteriorly (Figure 3.1(b)). 
For the tibia, the origin is coincident to the inter-malleolar point located midway 
between MM and LM. The z-axis is the line connecting MM and LM, and pointing 
laterally. The x-axis is the line perpendicular to the torsional plane of the tibia/fibula 
(defined by LM, MM and the midpoint between LC and MC) and pointing anteriorly. 
The y-axis is the common line perpendicular to x- and z-axis (Figure 3.1(c)). 
 
Femoral morphology 
In order to define bony angular measurements, a three-dimensional model was 
developed for this study, because any two-dimensional measurement of femur 
morphology provides inadequate information for the assessment the three-
dimensionality of bone deformities. 
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According to the new model developed, the femoral shaft direction was defined as 
the regression line through the centre of the ellipses fit to the periosteal surface of the 
femur in axial slices at 20, 35, 50, 65, and 80% femoral length (Figure 3.2(a)). The 
femoral neck direction was defined as the line passing through the centre of the 
femoral head and the greater trochanter. This was most accurate and reproducible 
definition of the neck in children, due to its short dimension. 
Femoral neck-shaft angle was the three-dimensional angle between the neck and the 
shaft. The bicondylar angle was defined as the three-dimensional angle between the 
diaphysis of the femur and a line perpendicular to the infracondylar plane, assumed 
to be the y-axis as defined by the ISB coordinate system (Figure 3.2(b,c)). Femoral 
anteversion was defined as the angle between the femoral neck axis and the posterior-
condylar axis projected onto the transverse plane (x-z) (Hoiseth et al., 1989; Davids 
et al., 2003) (Figure 3.2(d)). 
 
Figure 3. 2 (a) Method used to calculate the shaft direction (b) Neck-shaft angle (c) Bicondylar angle 
(d) Femoral anteversion 
3. Bone morphology and gait characteristics 
 
 
 33 
Tibial morphology 
Tibial torsion is the anatomical twist of the proximal articular surface relative to the 
distal about the longitudinal axis of the bone. It was estimated using two different 
methods of measurement. Clinically, the tibial torsion is the angle between the 
transcondylar axis of the proximal tibia and the axis between lateral and medial 
malleoli (Stuberg et al., 1991; Tamari et al., 2005). Radiologically it is the angle 
between the posterior-condylar axis and the line joining the centre of a circle fitted to 
the lower articular surface of the tibia with the midpoint of a line across the fibular 
notch of the tibia (Schneider et al., 1997; Tamari et al., 2005) (Figure 3.3(a,b)). 
Comparison between clinical and radiological tibial torsion was done in order to 
outline the best way to define tibial torsion. 
(a)               (b)  
Figure 3.3 (a) Clinical tibial torsion. (b) Radiological tibial torsion 
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Reproducibility 
The MRI scans of four subjects (two healthy and two with cerebral palsy) were used 
to quantify the intra- and inter-assessor error in identifying the coordinates of the 
anatomical landmarks, the resulting orientations of the coordinate axes, and the 
angles of the bone. The author extracted data from each of the scans on four 
consecutive days. Two other researchers followed the same protocol, but extracted 
data from each scan only once. Only the right leg was analysed for each subject. 
 
Data analysis 
The variations of the femoral and tibial angles were observed in healthy and CP 
children of different ages. The two- and three-dimensional femoral neck-shaft and 
bicondylar angles were compared. Two-dimensional angles were calculated by 
projecting the three dimensional angles onto the frontal plane (y-z) defined by the 
coordinate system. This is similar to a standard radiograph except the plane of 
projection is standardized. 
In addition, the effect of the coordinate system on the morphological angle 
measurements was determined. Angles were calculated in the coordinate system used 
by Jenkins et al. (2003). In the Jenkins coordinate system the origin is the midpoint of 
the line joining the two epicondyles. The y-axis is taken to be a line joining the origin 
to the midpoint of the line between FH and GT. The x-axis points anteriorly and is 
perpendicular to y and the bicondylar axis (MEP-LEP). The z-axis is perpendicular to 
both x and y and points laterally in a right knee (Figure 3.4). 
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3.1.3 Three-dimensional gait analysis 
Three-dimensional gait analysis is a multifactorial assessment that combines a range 
of dynamic and kinetic measures to provide a comprehensive description of walking 
patterns (Stebbins, 2005). It plays an important role in diagnosing and treating 
children with CP and is used routinely in planning both surgical and non-surgical 
management in CP. Because walking is cyclic and repeatable especially in CP 
children (Kirkpatrick et al., 1994), gait patterns may be analysed and compared to 
normal motion. Variables which may be measured within gait analysis include 
temporal, kinematic, kinetic and electromyography. For the purpose of this study 
three-dimensional motion was recorded for the pelvis, thighs and lower legs and only 
temporal and kinematics variables were considered.  
Three-dimensional motion of the lower limbs previously collected using seven infra-
red cameras (Vicon 370 - Vicon Motion Systems, Oxford, UK) were processed and 
analysed. Motion data were sampled at 50 Hz. In order to define a rigid body in 
three-dimensional space, thirteen (17 in the static trial) passive, retro-reflective
 
Figure 3.4 Jenkins coordinate system (Jenkins et al., 2003) 
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spherical markers (14 mm in diameter) were attached, with double sided tape, to 
specific anatomical landmarks on the lower limbs. Position of the markers is reported 
in Table 3.1. Subjects were then instructed to walk at their normal pace along a 10 m 
walkway for six trials. 
 
Data processing 
For each walking trial, the three-dimensional position of each marker for each time 
frame was reconstructed from the two-dimensional positions recorded by the cameras 
with Vicon software (Workstation, Version 4.6). To provide optimal results for each 
trial, specific parameters used for reconstruction were adjusted; generally a maximum 
acceleration for each markers of 50 mm/s2 was used, with an intersection limit 
(maximum space allowed between markers) of 6 mm, and a predictor radius (space 
around the centroid of the marker) of 50 mm. Points were labelled manually for the 
first trial, after which they were labelled automatically by the software, based on the 
relative position of the markers in the first trial. These parameters refer to a standard 
gait analysis protocol. 
MARKER NAME POSITION 
SACR Midway between the 2 Posterior Superior Iliac Spines 
RASI Directly over the Right Anterior Superior Iliac Spine 
LASI Directly over the Left Anterior Superior Iliac Spine 
RTHI  Lateral aspect of Right Thigh (wand) 
LTHI Lateral aspect of Left Thigh (wand) 
RKNE Lateral epicondyle of the Right Knee 
LKNE Lateral epicondyle of the Left Knee 
RANK Right lateral malleolus in line with transmalleolar axis 
LANK  Left lateral malleolus in line with transmalleolar axis 
RTOE Between 2nd and 3rd metatarsal heads on right foot 
LTOE  Between 2nd and 3rd metatarsal heads on left foot 
Table 3.1 Conventional lower body model marker set 
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Entering the anthropometric measurements into the software, the conventional lower 
body model, based on the protocol described by Davis (Davis and DeLuca, 1996), 
was implemented using Vicon PlugInGait (Vicon Motion Systems, Oxford, UK) on 
the static trial, and then on all dynamic trials. In this body model, three points on each 
leg part are used to create a 3-dimensional segment, which is assumed to move in a 
rigid manner. Each segment has a set of orthogonal axes defined within it (based on 
marker positions). Relative angles between these segments can then be computed 
through a sequence of Euler rotations. Foot strike and foot off events were 
automatically identified when a clean force plate strike occurred, defined as the time 
when the vertical force exceeded and dropped below 20 N respectively. Other foot 
strike and foot off events within the trial were auto-correlated from these events and 
were manually checked for accuracy. The hip rotation graphs were optimised by 
minimizing the amplitude of the coronal knee motion graph. This is done because it 
is assumed that there is no movement in the coronal plane at the knee, so any change 
in the graph must be an artefact (Baker et al., 1999). For each patient, three 
representative trials for right legs were chosen for analysis. 
 
Temporal parameters 
All gait variables are referenced to the gait cycle, which begins with initial contact 
and ends with the subsequent initial contact of the ipsilateral leg (Figure 3.5). A 
number of temporal parameters are of particular interest when analysing gait. The 
percentage of the gait cycle occupied by single or double limb support can provide 
information about the balance and symmetry of gait. Absolute walking velocity, 
stride length (distance between consecutive foot strikes of the ipsilateral leg), step
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length (distance between consecutive foot strikes of contralateral legs) and cadence 
(steps per minute) all provide useful information about the quality of gait. The 
relative and absolute duration of phases within the gait cycle alters according to 
walking speed. Both stance and swing phases shorten with increasing velocity 
(Sutherland et al., 1988). 
For the purpose of the current study, walking speed, cadence, stride and step length 
and time were analysed because previous studies have suggested that the combination 
of these variables provides adequate information regarding the quality and symmetry 
of the temporal aspects of gait (Stebbins, 2005) (Table 3.2). 
 
Kinematics parameters 
The term ‘kinematics’ refers to the description of motion. In gait analysis, this 
includes rotations, displacements, velocities and accelerations of one body segment 
relative to a neighbouring segment. For example, knee motion is described as 
movement of the lower leg segment relative to the thigh segment. 
A biomechanical model is a simplified representation of the human body and is used 
to describe relative motion between body segments. The lower body model used in 
clinical gait analysis consists of seven rigid bodies, including the pelvis, two thigh 
 
Initial 
Contact 
Loading 
Response 
Mid 
Stance 
Terminal 
Stance 
Pre 
Swing 
Initial 
Swing 
Mid 
Swing 
Terminal 
Swing 
Figure 3.5 Gait cycle illustrated for the right leg (Vankoski and Dias, 1999) 
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segments, two lower leg segments and two feet. Each body segment is assumed to be 
rigid, so that no two points on a single segment move relative to one another. This 
allows the description of the leg motion in three dimensions. 
When a local coordinate system is embedded within in a rigid body, the orientation of 
the body relative to a reference system can be calculated allowing the orientation of 
the segments and their rotations about the three axes of the coordinate system. In gait 
analysis, this corresponds to rotations about the anatomical axes of flexion-extension, 
abduction-adduction, and axial rotation.  
For the purpose of the current study, a list of kinematics variables have been chosen 
from kinematics traces of the lower limbs. They are reported in Table 3.2. The 
chosen variables do not include sagittal ankle kinematics, because the CP population 
of this study included patients with significant foot deformities. Planovalgus foot 
deformity, which has the highest prevalence in this group, renders the sagittal ankle 
kinematics unreliable because of the midfoot break (Stebbins, 2005). Dorsiflexion is 
often observed in the kinematic ankle graphs in these patients. However, this does not 
reflect true dorsiflexion. It reflects the position of the forefoot marker in relation to 
the tibia and ignores the fact that the hindfoot is in equinus (Stebbins, 2005). In the 
transverse plane, foot progression is measured in relation to the lab and is much more 
reliable. Therefore, it was included in the list of variables. Moreover, knee rotation 
measured in gait analysis was not included in the list of chosen variables as clinical 
experience demonstrated that it is not reliable (McGinley et al., 2009). 
A program in MATLAB (Version 7.1, Mathworks, Inc., Natick, MA, USA) was 
written and implemented to extract these parameters from the raw gait data. 
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Accuracy and repeatability 
Gait analysis is widely used around the world and patterns of motion in the lower 
body have been demonstrated to be measurable and repeatable. However, the 
consistency within individual centres appears to be greater than consistency between 
the various centres (Simon, 2004). 
The systematic error of the cameras was less than 1 mm. The Nuffield Gait Lab 
conducted a study on the inter-trial consistency test, over three testing sessions on 
three separate days (spaced at least two weeks apart), collecting similar data to this 
study. Results demonstrated that the higher the standard deviation of the kinematics 
data, the less repeatable the variables were (Stebbins, 2005). For instance, foot 
adduction and hip rotation were least repeatable, as any measurements in the 
transverse plane, while maximum and range of pelvic motion in the coronal plane 
were the most repeatable in the Nuffield repeatability study (Stebbins, 2005). 
 
Data analysis 
Many of the gait variables can be easily related to each other, e.g. step and stride 
time. In order to reduce the dimensionality of a data set, Principal Component 
Analysis (PCA) was used. PCA is a statistical method based on the calculation of the 
correlation or the covariance matrix between all the variables. By calculating the 
eigenvalues and eigenvectors of the matrix, it is possible to transform the original set 
of related variables into a new smaller set of independent variables, called principal 
components (PCs), which are weighted combination of the original variables. A 
disadvantage of PCA is that PCs have no clear physical meanings. Thus, 
interpretation of results obtained in the lower-dimensional PCA space often involves
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MEAN ± STANDARD 
DEVIATION 
P-VALUE VARIABLE NAME DESCRIPTION 
HEALTHY CP   
Age The length of time that a child has lived 8y 7m±2y 7m 9y 2.5m±1y 10.5m 0.5605  
Walking Speed Absolute walking velocity 1.36±0.17 0.86±0.32 0.0005  *** 
Step length Distance between consecutive foot strikes of contralateral legs 0.58±0.08 0.40±0.11 0.0010  *** 
Stride length Distance between consecutive foot strikes of the ipsilateral leg 1.16±0.16 0.80±0.23 0.0009  *** 
Step time Time between consecutive foot strikes of contralateral legs 0.42±0.06 0.50±0.08 0.0187  ** 
Stride time Time between consecutive foot strikes of the ipsilateral leg 0.86±0.12 0.97±0.14 0.0743  * 
Cadence Number of steps per minute 143.25±20.66 126.67±16.92 0.0745  * 
Avg pelvic tilt Average pelvic position in the sagittal plane 10.03±3.69 16.93±6.62 0.0112  ** 
Range pelvic tilt Range of pelvic movement in the sagittal plane 5.06±0.91 8.44±2.80 0.0021  *** 
Avg pelvic obliquity Average pelvic position in the coronal plane -0.24±1.37 1.67±3.63 0.1399  
Range pelvic obliquity Range of pelvic movement in the coronal plane 9.57±2.09 8.34±3.78 0.3844  
Avg pelvic rotation Average pelvic position in the transverse plane -0.92±2.14 -1.12±8.92 0.9439  
Range pelvic rotation Range of pelvic movement in the transverse plane 15.52±6.27 14.63±4.30 0.7264  
Max hip flex swing Max flexion of the hip in the sagittal plane in swing phase 36.00±4.21 48.26±10.83 0.0040  *** 
Max hip extension Max extension of the hip in the sagittal plane -13.93±5.84 1.17±14.53 0.0075  *** 
Max hip adduction Max adduction of the hip in the coronal plane 7.63±2.67 10.88±3.18 0.0271  ** 
Max hip abduction Max abduction of the hip in the coronal plane -7.30±3.46 -2.84±5.76 0.0540  * 
Avg hip add stance Average adduction of the hip in the coronal plane during stance 2.94±2.78 7.16±2.92 0.0050  *** 
Avg hip abd swing Average abduction of the hip in the coronal plane during swing -7.05±3.12 -2.43±5.76 0.0412  ** 
Max hip rotation Max internal rotation of the hips in the transverse plane 9.49±4.68 18.91±16.29 0.0971  * 
Avg hip rotation Average rotation of the hips in the transverse plane 0.93±4.28 10.67±15.35 0.0703  * 
Max knee ext stance Maximum knee extension in the sagittal plane in stance phase -1.33±3.28 15.70±25.07 0.0477  ** 
Knee flex IC Flexion of knee at initial contact of the foot with floor 6.05±3.56 34.81±15.46 0.0000  *** 
Peak knee flex swing Peak value of knee flexion in sagittal plane in swing phase 63.44±5.54 57.03±11.19 0.1260  
Time Peak knee flex swing Time of the peak knee flexion in swing phase (% gait cycle) 72.86±1.63 82.64±4.16 0.0000  *** 
Range knee flex Range of knee flexion in the sagittal plane 65.37±6.04 41.34±20.86 0.0028  *** 
Avg foot prog stance Average angle between the direction of progression of the 
subject and the longitudinal axis of the foot 
-11.82±12.97 2.03±20.66 0.0946 * 
Table 3.2 Definition of the variables analysed by the principal component analysis. The second to sixth are temporal parameters. The remaining 20 are kinematic parameters. 
The mean and standard deviation value are reported for healthy and CP children. For each child, the mean of the three trials analysed was calculated for each variable. Then, 
for each variable, the mean and the standard deviation were calculated considering the mean for each child in the belonging group (healthy or CP). P-values are also reported 
to determine significant differences between the two groups, indicated as * for p-value<0.01, ** for p-values<0.05 and *** for p-values<0.001 
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translating the results back to the original variables. However, PCA helps determine 
which variables account for the most variability in the data and how the variables are 
related. 
The gait variables considered in this study were in different units. Therefore, to 
reduce scale artefacts, the correlation matrix was used to calculate the PCs. The 
covariance matrix would have given greater weight to larger numbers, such as the 
temporal measurements, and less weight to the smaller measurements such as 
changes in joint angles. 
Three criteria can be used in order to decide how many PCs to retain. The first 
criterion was based on the calculation of the cumulative percentage of total 
variability in the data (the first PC accounts for the most variability; the second 
accounts for slightly less). This criterion retains only the PCs accounting together for 
90% of the total variability in the data. The second criterion, constructed for use with 
correlation matrix, was the Kaiser’s rule and retains only those PC whose variance is 
≥0.7. The third criterion used was a Scree graph which plots variance against 
component number. PCs are retained where the slopes of lines joining the plotted 
points are steep, and discarded where the slope levels out and approaches zero 
(Jolliffe, 1986). In this study, PCs that satisfied all the three criteria were considered 
for further analysis. 
Each PC is a linear combination of the original variables. However not all the 
original variables are necessarily important for the formation of PCs; some of them 
may be critical, but some might be redundant, irrelevant or insignificant. In order to 
facilitate their interpretation, it is common to link the PCs back to a subset of the 
most important original variables. The variables with larger weighting (greater than
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75% of the maximum weight within a PC), in absolute value, were considered to 
represent each PC (Jolliffe, 1986).  
The PCA in this section was applied to the groups of healthy and CP children 
separately, in order to analyse the relationship between age, temporal and kinematic 
variables in each group. PCs from the two groups were compared to highlight 
differences in gait. 
 
3.1.4 Correlation between bone morphology and gait 
characteristics 
Anecdotal evidences from surgeon and gait expert suggests correlations between 
femoral and tibial torsion and transverse kinematics plane. Since results from 
previous studies are conflicting about these correlations (Kim et al., 2005), Pearson’s 
correlation coefficient was calculated between the lower limb torsion angles and the 
hip rotation and average foot progression in stance for both groups of children in 
order to clarify the relationship between increased bony torsions and internally 
rotated gait in CP. 
Furthermore, because no study previously examined the correlations between three-
dimensional bone morphology of femur and tibia and the gait characteristics from the 
three anatomical planes, within each group of children, the Pearson’s correlation 
coefficient was calculated between PCs from gait data and bony angles in order to 
assess correlations between lower limb bone morphology and gait characteristics. 
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3.2 Results 
3.2.1 Bone morphology analysis 
Femoral morphology 
Femoral morphologies of CP and healthy children were in the ranges of previously 
published values (Weiner et al., 1978; Weiner and Cook, 1980; Murphy et al., 1987; 
Guenther et al., 1995; Haspl and Bilic, 1996; Isaac et al., 1997; Schneider et al., 
1997; Sugano et al., 1998; Bobroff et al., 1999; Kay et al., 2000; Mahaisavariya et al., 
2002; Davids et al., 2003; Jenkins et al., 2003; Tamari et al., 2005; Hudson et al., 
2006). Three-dimensional neck-shaft angles in healthy children ranged from 98°-
115° with higher values at a young age, decreasing throughout the growth period 
(Figure 3.6). In CP children, neck-shaft angle had a smaller range (101°-113°) and 
tended to increase with age (Figure 3.6). The bicondylar angle in normal children 
increased with age to 9°-10° by the age of 13; in children with CP there was no 
 
Figure 3.6 Three-dimensional femoral neck-shaft angle: in blue are healthy children and in red CP 
group 
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apparent trend (Figure 3.7). Femoral anteversion decreased with age in normal 
children but there was no apparent trend in CP children (Figure 3.8).  
 
Figure 3.7 Three-dimensional femoral bicondylar angle: in blue are healthy children and in red CP 
group 
 
Figure 3.8 Two-dimensional femoral anteversion angle: in blue are healthy children and in red CP 
group 
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Comparison of femoral 3D angles with their 2D projection 
The effect of projection of the bony morphology onto a 2D plane (as it is done in 
clinical radiographic measurement) was determined by comparing the 2D and 3D 
angle measurements. The 2D angles were lower than the 3D angles for bicondylar 
angles and higher for the neck-shaft angle. There was a larger mean difference 
between 2D and 3D angles in children with CP (Table 3.3). 
ANGLE HEALTHY CP 
NECK-SHAFT 2.92° ± 3.28° 7.97° ± 7.07° 
BICONDYLAR 0.35° ± 0.26° 0.28° ± 0.21° 
Table 3.3 The mean and the standard deviation of the absolute value of the difference between 3D and 
2D angles values for healthy and CP children 
 
Influences of the coordinate system on morphological measurements 
A comparison of the femoral neck-shaft and anteversion angles values was done in 
the two different coordinate systems, ISB (Wu et al., 2002) and Jenkins et al. (2003). 
According to the method developed in this study the bicondylar angle is the angle 
between the shaft direction and the y-axis. In Jenkins coordinate system the direction 
of the shaft coincides with the y-axis and thus, it is not possible to calculate 
bicondylar angle. 
No difference was observed in three-dimensional angles, which indicates angle 
measurements are the independent from the coordinate system chosen.  
The two-dimensional angle measurements differed slightly between the two 
coordinate systems, indicating a similarity in the planes of projection as defined by 
the coordinated axes (Table 3.4). However, care must be taken when comparing two-
dimensional angles between studies as different planes of projection can result from 
different coordinate systems. 
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ANGLE HEALTHY CP 
NECK-SHAFT 0.38±0.18 1.15±0.15 
ANTEVERSION 0.18±0.11 0.15±0.12 
Table 3.4 The mean and the standard deviation of the absolute value of the difference between 2D 
angles values in ISB and  Jenkins coordinate system for healthy and CP children 
 
Tibial morphology 
Differences were retrieved between the clinical and radiological tibial torsion angles. 
Both clinical and radiological tibial torsion showed no apparent trend for healthy nor 
CP children (Figure 3.9 and 3.10). Both graphs however show a greater range in CP 
children. 
Only the clinical tibial torsion was in the ranges of previously published values (12° - 
27°), and therefore only the clinical measurements of the tibial torsion were 
considered for further analysis. 
 
Figure 3.9 Two-dimensional clinical tibial torsion angle: in blue are healthy children and in red CP 
group 
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Figure 3.10 Two-dimensional radiological tibial torsion angle: in blue are healthy children and in red 
CP group 
 
Reproducibility 
The intra and the inter-operator landmark reproducibility were within 2.3° for the 
neck-shaft angle, 2.1° for the femoral anteversion and 0.5° for the bicondylar angle. 
For the clinical tibial torsion the reproducibility was within 2.9˚, and 5.4˚ for the 
radiological tibial torsion. 
 
3.2.2 Three-dimensional gait analysis 
Children with spastic diplegic CP differed from the healthy group in a number of 
kinematic parameters (Table 3.1). At the pelvis, they tended to have increased 
anterior tilt. They demonstrated an incomplete hip extension in stance and increased 
hip flexion in swing. They often had increased knee flexion at initial contact. The CP 
group also showed increased internal hip rotation in the transverse plane as well as 
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internal foot progression angle in stance. Children with CP were found to have a 
significantly decreased walking velocity, shorter step length and longer step time, 
when compared with the healthy group. 
PCs for kinematic data and age differed between healthy and CP children, reflecting 
their different walking patterns.  
 
Relationship between variables: principal component analysis 
For both groups of children, because of correlations between many of the 27 
variables, the use of PCA reduced the dimensionality of the original data set into 
eight PCs, which explained 99% of the total variation. Thus the use of PCA allowed 
the compression of the original data set of 27 parameters that were correlated with 
each other (e.g. walking speed is strongly proportional to step time) into a set of eight 
independent parameters without losing any data. The results of the PCA done 
separately for CP and healthy children are given in Tables 3.5 and 3.6.  
Tables 3.7 and 3.8, which are simplifications of the Tables 3.5 and 3.6 respectively, 
show the most important source of variation in kinematics measurements for the CP 
and healthy children. A + or - in Tables 3.7 and 3.8 indicates a coefficient whose 
absolute value was greater than 75% the maximum coefficient in absolute value for 
the relevant PC; the sign of the coefficient is also indicated. Similarly, a (+) and (-) 
indicates a coefficient whose absolute value is between 50% and 75% of the largest 
absolute value of the PC of interest (Jolliffe, 1986). For example PC1-H has range of 
pelvic tilt as maximum coefficient in absolute value and equal to 0.29. Then all the 
variables with coefficient in absolute value comprised between 0.22 and 0.29 
contribute to the PC1-H with + or -, according with their own sign. Variables with
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HEALTHY CHILDREN 1-H 2-H 3-H 4-H 5-H 6-H 7-H 8-H 
 
 T 
 E 
 M 
 P 
 O 
R 
A 
L 
Age 
Walking speed 
Step length 
Stride length 
Step time 
Stride time 
Cadence 
-0.24 
0.11 
-0.17 
-0.17 
-0.27 
-0.26 
 0.26  
-0.27 
-0.15 
-0.30 
-0.30 
-0.16 
-0.14 
 0.13 
0.01 
0.39 
 0.21 
 0.18 
-0.18 
-0.19 
 0.20 
0.15 
0.00 
 0.02 
 0.12 
 0.07 
 0.08 
-0.10 
-0.02 
-0.12 
 0.09 
 0.12 
 0.14 
 0.20 
-0.20 
0.03 
0.07 
 0.09 
 0.07 
 0.07 
 0.02 
 0.02 
0.09 
0.14 
 0.20 
 0.10 
 0.01 
-0.06 
 0.09  
0.09 
0.30 
 0.19 
 0.22 
-0.25 
-0.10 
-0.03 
 
 
 
 
 K 
 I 
 N 
 E 
 M 
 A 
 T 
 I 
 C 
 S 
Avg pelvic tilt 
Range pelvic tilt 
Avg pelvic obliquity 
Range pelvic obliquity 
Avg pelvic rotation 
Range pelvic rotation 
Max hip flexion swing 
Max hip extension 
Max hip adduction 
Max hip abduction 
Avg hip add stance 
Avg hip abd swing 
Max hip rotation 
Avg hip rotation 
Max knee extension stance 
Knee flexion IC 
Peak knee flex swing 
Time peak knee flex swing 
Range knee flex 
Avg foot prog stance 
0.00 
0.29 
-0.17 
 0.28 
 0.09 
 0.27 
 0.08 
-0.14 
-0.04 
-0.22 
-0.14 
-0.21 
 0.22 
 0.16 
-0.21 
 0.11 
 0.13 
 0.17 
 0.20 
 0.18 
-0.12 
-0.05 
 0.34 
-0.02 
 0.08 
-0.06 
-0.15 
-0.08 
 0.36 
 0.28 
 0.36 
 0.27 
-0.03 
-0.10 
 0.05 
 0.26 
 0.04 
 0.02 
-0.01 
 0.01 
 0.00 
 0.01 
-0.09 
-0.03 
 0.24 
-0.25 
-0.08 
-0.06 
 0.02 
 0.07 
 0.03 
 0.09 
 0.12 
 0.12 
-0.17 
 0.25 
-0.41 
-0.35 
-0.30 
 0.10 
-0.49 
-0.18 
 0.06 
 0.22 
 0.09 
-0.01 
-0.44 
-0.47 
 0.06 
-0.15 
-0.06 
-0.18 
-0.13 
-0.09 
-0.23 
 0.06 
-0.07 
 0.13 
 0.09 
-0.15 
-0.13 
0.08 
-0.05 
 0.14 
 0.32 
 0.17 
 0.02 
-0.12 
 0.26 
 0.06 
 0.19 
 0.10 
 0.36 
 0.46 
 0.25 
-0.23 
-0.06 
 0.14 
-0.17 
 0.21 
0.14  
0.04 
-0.10 
 0.23 
 0.46 
 0.08 
 0.28 
-0.02 
 0.13 
 0.20 
 0.12 
 0.20 
-0.20 
-0.04 
-0.30 
-0.17 
 0.11 
-0.14 
 0.32 
-0.43 
0.06 
-0.43 
-0.26 
 0.09 
 0.01 
 0.08 
 0.07 
 0.06 
 0.28 
 0.07 
 0.18 
-0.06 
-0.17 
-0.28 
 0.00 
-0.01 
 0.11 
 0.17 
 0.14 
 0.58 
-0.28 
0.26 
-0.05 
-0.22 
-0.44 
 0.15 
 0.20 
-0.09 
 0.27 
 0.16 
 0.10 
 0.07 
-0.18 
 0.19 
 0.06 
 0.03 
 0.10 
 0.22 
 0.00 
-0.21 
Eigenvalue 8.47 5.35 4.58 3.14 2.65 1.28 0.71 0.31 
Cumulative % total variation 31.37 51.18 68.14 80.77 90.58 95.32 97.95 99.10 
Table 3.5 First eight PCs for healthy children 
 
CP CHILDREN 1-CP 2-CP 3-CP 4-CP 5-CP 6-CP 7-CP 8-CP 
 
 T 
 E 
 M 
 P 
 O 
R 
A 
L 
Age 
Walking speed 
Step length 
Stride length 
Step time 
Stride time 
Cadence 
 0.06 
-0.31 
-0.30 
-0.30 
 0.19 
 0.27 
-0.28 
 0.12 
 0.08 
 0.08 
 0.08 
-0.16 
-0.09 
 0.07 
-0.37 
-0.09 
-0.05 
-0.11 
 0.31 
 0.16 
-0.12 
 0.13 
 0.00 
 0.07 
 0.04 
 0.00 
 0.08 
 -0.08 
-0.08 
 0.11 
-0.07 
-0.02 
-0.18 
-0.25 
 0.28 
0.36 
 0.15 
 0.27 
 0.29 
 0.19 
 0.17 
-0.19  
-0.22 
 0.02 
 0.07 
 0.07 
-0.07 
 0.16 
-0.15 
-0.51 
0.13 
 0.18 
 0.12 
-0.21 
 0.06 
 0.06 
 
 
 
 
 K 
 I 
 N 
 E 
 M 
 A 
 T 
 I 
 C 
 S 
Avg pelvic tilt 
Range pelvic tilt 
Avg pelvic obliquity 
Range pelvic obliquity 
Avg pelvic rotation 
Range pelvic rotation 
Max hip flexion swing 
Max hip extension 
Max hip adduction 
Max hip abduction 
Avg hip add stance 
Avg hip abd swing 
Max hip rotation 
Avg hip rotation 
Max knee extension stance 
Knee flexion IC 
Peak knee flex swing 
Time peak knee flex swing 
Range knee flex 
Avg foot prog stance 
0.01 
-0.10 
 0.06 
-0.16 
-0.04 
 0.08 
-0.04 
 0.17 
-0.04 
 0.25 
 0.07 
 0.26 
 0.28 
 0.27 
 0.13 
 0.09 
-0.11 
 0.12 
-0.22 
 0.25 
-0.08 
0.23 
 0.32 
 0.00 
-0.28 
 0.29 
-0.23 
-0.21 
 0.30 
 0.23 
 0.34 
 0.22 
 0.13 
 0.10 
-0.20 
-0.19 
-0.23 
-0.18 
 0.11 
 0.07 
0.11 
-0.05 
 0.00 
 0.01 
 0.15 
 0.02 
 0.00 
-0.24 
-0.06 
-0.03 
-0.09 
 0.01 
-0.13 
-0.17 
-0.38 
-0.41 
-0.28 
 0.18 
 0.31 
 0.16 
-0.46 
 0.33 
-0.03 
-0.44 
 0.16 
-0.17 
-0.36 
-0.23 
-0.23 
 0.00 
-0.07 
 0.01 
-0.08 
-0.08 
 0.02 
 0.07 
-0.16 
 0.22 
-0.11 
-0.20 
0.34 
0.27 
 0.11 
-0.19 
-0.03 
 0.32 
 0.24 
 0.05 
-0.29 
-0.01 
-0.12 
 0.02 
 0.13 
 0.08 
-0.02 
 0.08 
-0.16 
 0.50 
-0.06 
 0.01 
0.08 
0.16 
-0.06 
-0.27 
 0.10 
 0.11 
 0.30 
 0.09 
-0.11 
 0.11 
 0.09 
 0.15 
-0.07 
-0.15 
-0.07 
 0.04 
 0.27 
-0.02 
 0.23 
 0.38 
-0.21 
0.17 
-0.47 
-0.02 
-0.45 
 0.25 
 0.02 
-0.10 
-0.07 
-0.20 
-0.24 
-0.17 
 0.25 
 0.30 
-0.05 
-0.01 
 0.10 
-0.10 
 0.11 
 0.10 
-0.27 
-0.16 
 0.15 
 0.00 
 0.46 
 0.00 
 0.11 
-0.10 
-0.10 
 0.08 
 0.21 
 0.14 
 0.24 
 0.24 
 0.03 
 0.15 
 0.16 
-0.03 
 0.06 
 0.12 
Eigenvalue 8.94 7.13 3.82 3.14 1.46 1.19 1.05 0.27 
Cumulative % total variation 33.11 59.52 73.67 85.3 90.71 95.12 99 99.99 
Table 3.6 First eight PCs for CP children 
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HEALTHY CHILDREN 1-H 2-H 3-H 4-H 5-H 6-H 7-H 8-H 
 
 T 
 E 
 M 
 P 
 O 
R 
A 
L 
Age 
Walking speed 
Step length 
Stride length 
Step time 
Stride time 
Cadence 
- 
 
(-) 
(-) 
- 
- 
+ 
(-) 
 
- 
- 
 
+ 
 
   
 
  
(+) 
 
 
(-) 
 
 
 
 
 
 
 K 
 I 
 N 
 E 
 M 
 A 
 T 
 I 
 C 
 S 
Avg pelvic tilt 
Range pelvic tilt 
Avg pelvic obliquity 
Range pelvic obliquity 
Avg pelvic rotation 
Range pelvic rotation 
Max hip flexion swing 
Max hip extension 
Max hip adduction 
Max hip abduction 
Avg hip add stance 
Avg hip abd swing 
Max hip rotation 
Avg hip rotation 
Max knee extension stance 
Knee flexion IC 
Peak knee flex swing 
Time peak knee flex swing 
Range knee flex 
Avg foot prog stance 
 
+ 
 
+ 
 
+ 
 
 
 
(-) 
 
 
(+) 
 
  
 
+ 
 
 
 
 
 
+ 
+ 
+ 
(+) 
 
 
 
 
 
 
 
 
 
(+) 
(-) 
 
 
 
 
 
 
 
 
 
(+) 
- 
- 
- 
 
- 
 
 
 
 
 
- 
- 
 
 
 
 
 
 
(-) 
 
 
 
 
(+) 
 
 
 
(+) 
 
 
 
+ 
+ 
(+) 
 
  
 
 
 
+ 
 
(+) 
 
 
 
 
 
 
 
(-) 
 
 
 
(+) 
- 
 
- 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
+ 
(-) 
(+) 
 
 
- 
 
 
 
+ 
 
Eigenvalue 8.47 5.35 4.58 3.14 2.65 1.28 0.71 0.31 
Cumulative % total variation 31.37 51.18 68.14 80.77 90.58 95.32 97.95 99.10 
Table 3. 7 Simplified version of the coefficients in Table 3.5 for healthy children 
 
CP CHILDREN 1-CP 2-CP 3-CP 4-CP 5-CP 6-CP 7-CP 8-CP 
 
 T 
 E 
 M 
 P 
 O 
R 
A 
L 
Age 
Walking speed 
Step length 
Stride length 
Step time 
Stride time 
Cadence 
 
- 
- 
- 
(+) 
+ 
- 
 - 
 
 
 
(+) 
 
 
 
 
 
 
 
 
 
(+) 
+ 
 
(+) 
+ 
 
 - 
 
 
 
 
 
 K 
 I 
 N 
 E 
 M 
 A 
 T 
 I 
 C 
 S 
Avg pelvic tilt 
Range pelvic tilt 
Avg pelvic obliquity 
Range pelvic obliquity 
Avg pelvic rotation 
Range pelvic rotation 
Max hip flexion swing 
Max hip extension 
Max hip adduction 
Max hip abduction 
Avg hip add stance 
Avg hip abd swing 
Max hip rotation 
Avg hip rotation 
Max knee extension stance 
Knee flexion IC 
Peak knee flex swing 
Time peak knee flex swing 
Range knee flex 
Avg foot prog stance 
 
 
 
 
 
 
 
(+) 
 
+ 
 
+ 
+ 
+ 
 
 
 
 
(-) 
+ 
 
(+) 
+ 
 
- 
+ 
(-) 
(-) 
+ 
(+) 
+ 
(+) 
 
 
(-) 
(-) 
(-) 
 
 
 
  
 
 
 
 
 
 
(-) 
 
 
 
 
 
 
- 
- 
(-) 
 
(+) 
 
- 
(+) 
 
- 
 
 
- 
 
(+) 
(+) 
 
 
 
(+) 
 
 
(-) 
 
 
 
 
 
 
 
 
+ 
 
 
 
 
(-) 
 
 
 
 
 
 
 
 
 
 
 
 
(+) 
 
+ 
+ 
 
 
- 
 
- 
(+) 
 
 
 
 
 
 
(+) 
(+) 
 
 
 
 
 
 
(-) 
 
 
 
+ 
Eigenvalue 8.94 7.13 3.82 3.14 1.46 1.19 1.05 0.27 
Cumulative % total variation 33.11 59.52 73.67 85.3 90.71 95.12 99 99.99 
Table 3.8 Simplified version of the coefficients in Table 3.6 for CP children 
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coefficient in absolute value comprised between 0.15 and 0.21, contribute to the PC1-
H with (+) or (-), according with their sign. 
In the composition of the first PC, most of the original variables were involved. 
Therefore the first component identifies most of the variation; however, later PCs 
may express some critical parts of the variability of the data defining certain aspects 
of shape which are important to the two groups of children. For both groups, the 
other seven PCs could be reasonably well interpreted, because many coefficients 
were close to zero. Their interpretation, together with the percentage of variation 
given by each PC, is given in Tables 3.9(a) and (b) for both healthy and CP group of 
children. 
Tables 3.9(a) and (b) show the relationships between the variables that mainly 
contribute to the formation of the first eight PCs. For example, an increase of PC1-H 
in Table 3.9(a) corresponds to an increase in the range of pelvic tilt, pelvic obliquity, 
pelvic rotation and cadence and to a decrease in step and stride time and age. The 4th 
component of healthy children has only negative contribute of average pelvic tilt and 
maximum hip flexion and extension. Therefore, an increase of the fourth component 
corresponds to a decrease of the average pelvic tilt and max hip flexion/extension. All 
the other PCs can be similarly interpreted. 
The amount of variation in data explained by the PCs for the two groups of children 
differs very little. The two groups however have different PCs and different 
correlations with the original variables. In most of the cases there are groups of PCs 
involving the same original variables, but in different combinations with other 
original variables for the two groups. 
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HEALTHY CHILDREN CP CHILDREN 
PC POSITIVE VARIABLES NEGATIVE VARIABLES PC POSITIVE VARIABLES NEGATIVE VARIABLES 
1-H 
(31.37%) 
Range pelvic tilt (0.29) 
Range pelvic obliquity (0.28)
Range pelvic rotation (0.26) 
Cadence (0.26) 
Step time (0.27) 
Stride time (0.26) 
Age (0.24) 
1-CP 
(33.11%) 
Max hip rotation (0.28) 
Avg hip rotation (0.27) 
Stride time (0.27) 
Avg hip abd swing (0.26) 
Max hip adduction(0.25) 
Avg foot prog in stance 
(0.25) 
Walking speed (0.31) 
Step length (0.30) 
Stride length (0.30) 
Cadence (0.28) 
2-H 
(19.81%) 
Max hip adduction (0.36) 
Avg hip adduction (0.36) 
Avg pelvic obliquity (0.34) 
Max hip abduction (0.28) 
Step length (0.30) 
Stride length (0.30) 
 
2-CP 
(26.41%) 
Avg hip add stance (0.34) 
Avg pelvic obliquity (0.32) 
Max hip add (0.30) 
Range pelvic rotation (0.29) 
Avg pelvic rotation (0.28) 
3-H 
(16.96%) 
Walking speed (0.39) 
 
Peak knee flex swing (0.41) 
Time peak knee flex in 
swing (0.35) 
3-CP 
(14.45%) 
 Knee flex IC (0.41) 
Max knee ext stance (0.38) 
Age (0.37) 
4-H 
(12.63%) 
 Avg pelvic tilt (0.49) 
Max hip extension (0.47) 
Max hip flexion (0.44) 
4-CP 
(11.63%) 
 Avg pelvic tilt (0.46) 
Range pelvic obliquity (0.44) 
Max hip flex swing (0.36) 
5-H 
(9.81%) 
Avg hip rotation (0.46) 
Max hip rotation (0.36) 
 5-CP 
(5.41%) 
Time peak knee flex swing 
(0.50) 
 
6-H 
(4.74%) 
Avg  pelvic rotation (0.46) Avg foot prog stance (0.43)  6-CP 
(4.41%) 
Avg foot prog stance (0.38) 
Age (0.36) 
Max hip flex swing (0.30) 
Stride length (0.29) 
 
7-H 
(3.88%) 
Avg foot prog stance (0.58) Range  pelvic tilt (0.43) 7-CP 
(2.63%) 
 Avg pelvic obliquity (0.47) 
Avg pelvic rotation (0.45) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) 
8-H 
(1%) 
 Avg pelvic rotation (0.44) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 
8-CP 
(1.15%) 
Avg pelvic rotation (0.46) Age (0.51) 
Table 3.9 Interpretations for the first eight PCs, with percentage contribution to the total variability, for the kinematics measurements in healthy (a) and CP children (b). As the 
PC increases the positive variables also increase while the negative variables decrease. Only the variables with weight larger than the 75% of the highest weight concurred in the 
composing of each PC. Weights of the contributing variables are given in brakets. 
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3.2.3 Correlation between torsional angles and kinematics 
in transverse plane 
Although anecdotally it is thought that there are correlations between lower limb 
torsional angles and kinematics in the transverse plane, this has been proven difficult 
to elucidate (Noritake et al., 1998; Aktas et al., 2000; McKenna et al., 2000; Kerr et 
al., 2003). 
Calculating the correlation coefficients between torsional femoral and tibial angles 
and kinematics in the transverse plane in healthy children, the only correlation 
observed was between femoral anteversion and average foot progression in stance 
(Table 3.10). This means that children with large average foot progression in stance 
in the transverse plane tend to have high femoral anteversion. In CP children, 
moderate correlation was found between femoral anteversion and maximum and 
average hip rotation. High correlation was also seen between tibial torsion and 
maximum and average values of hip rotation for CP children (Table 3.11). This 
means that children with large hip rotations in the transverse plane tend to have high 
tibial torsion.  
 
CORRELATIONS 
HEALTHY CHILDREN 
FEMORAL 
ANTEVERSION 
CLINICAL TIBIAL 
TORSION 
Max hip rotation 0.38  0.08 
Avg hip rotation 0.07  0.12 
Avg foot prog stance 0.75 -0.11 
Table 3.10 Correlation coefficients (R) between transverse plane kinematics and femoral anteversion 
and tibial torsion in Healthy children. In yellow high correlations (R>0.7) 
CORRELATIONS 
CP CHILDREN 
FEMORAL 
ANTEVERSION 
CLINICAL TIBIAL 
TORSION 
Max hip rotation 0.64 0.71 
Avg hip rotation 0.65 0.74 
Avg foot prog stance 0.34 0.30 
Table 3.11 Correlation coefficients (R) between transverse plane kinematics and femoral anteversion 
and tibial torsion in CP children. In pink moderate correlations (R>0.5) and in yellow high 
correlations (R>0.7) 
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3.2.4 Correlation between morphology and PCs 
Pearson’s Correlation coefficient was calculated between bone morphology and 
principal components of gait variables (Tables 3.12 and 3.13). 
In healthy children, correlations (R>0.5) were detected between femoral angles and 
the PC1-H, PC7-H and PC8-H. In particular high correlation was observed between 
femoral neck-shaft angle and PC1-H, which inversely correlates with age, and 
between femoral anteversion and PC7-H, which directly correlated with average foot 
progression in stance. Femoral anteversion also inversely correlated with PC6-H, 
thus directly related to average foot progression in stance. The bicondylar angle in 
healthy children was inversely related to the PC2-H, thus hip abduction/adduction. 
Minimal correlations were obtained between tibial torsion and PCs in healthy 
children. 
In CP children, however, significant correlations with tibial torsion were observed, 
while low correlations with femoral anteversion were obtained. In CP children, tibial 
torsion correlated with PC1-CP, therefore hip rotation, and with PC8-CP, thus pelvic 
rotation. Tibial torsion highly correlated with PC5-CP, indicating that CP children 
with tibial torsion had delayed peak knee flexion. Tibial torsion inversely correlated 
with PC3-H, indicating increased knee flexion at initial contact and hyperextension 
of the knee in late stance.  
Moderate inverse correlation was observed between femoral neck-shaft angle and 
PC3-CP as well as with PC6-CP, indicating correlations with sagittal knee 
kinematics. Bicondylar angle in CP had a negative correlation with PC6-CP, 
therefore it was inversely related to foot progression and hip flexion in swing. The 
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composition of the PCs illustrated how PCA may highlight further correlations not 
evident in clinical analysis. 
HEALTHY 
CHILDREN 1-H 2-H 3-H 4-H 5-H 6-H 7-H 8-H 
Femoral 
Neck-Shaft 0.82 0.14 0.30 -0.38 -0.01 -0.23 0.58 -0.54 
Femoral 
Anteversion 0.66 0.48 0.36 -0.36 -0.02 -0.53 0.86 -0.58 
Femoral 
Bicondylar -0.64 -0.62 0.50 0.35 0.19 0.26 -0.62 0.55 
Clinical Tibia 
Torsion -0.38 -0.16 -0.22 -0.19 0.36 0.15 -0.20 0.15 
Table 3.12 Correlation coefficients (R) between gait PCs and lower limb morphology in healthy 
children. In pink moderate correlations (R>0.5) and in yellow high correlations (R>0.7). 
 
CP 
CHILDREN 
1-CP 2-CP 3-CP 4-CP 5-CP 6-CP 7-CP 8-
CP 
Femoral 
Neck-Shaft -0.08 -0.05 -0.51 0.07 0.21 -0.53 -0.14 -0.10 
Femoral 
Anteversion 0.43 0.33 -0.13 -0.26 0.28 -0.23 0.42 0.48 
Femoral 
Bicondylar -0.11 0.13 -0.20 -0.14 0.24 -0.58 0.27 -0.26 
Clinical Tibia 
Torsion 0.62 -0.14 -0.57 -0.47 0.81 -0.10 0.42 0.54 
Table 3.13 Correlation coefficients (R) between gait PCs and lower limb morphology in CP children. 
In pink moderate correlations (R>0.5) and in yellow high correlations (R>0.7). 
 
3.3 Discussion 
3.3.1 Bone morphology analysis 
To objectively identify lower limb morphology in children, a standardized method 
for characterising 3D lower limb bony morphology was developed. In this study, 
MR-images allowed a more accurate measurement of femoral and tibial morphology 
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than plane radiographs because it was possible to standardise the three-dimensional 
orientation of the bone. Although it is not suggested that all bony deformities should 
be characterised with three-dimensional MR images, this study highlights the 
importance of a standardised method for calculating lower limb morphologies. This 
is mainly emphasized by the vastly different values of clinical and radiological tibial 
torsion angle. Without a standard orientation and a standard method for calculating 
angles, care must be taken when comparing morphological data from different 
sources. The results of this study demonstrated different progressive development in 
femoral and tibial morphology between CP and healthy children, which is in 
agreement with data in the literature (Hoiseth et al., 1989; Stuberg et al., 1991; 
Guenther et al., 1995; Schneider et al., 1997; Sugano et al., 1998; Bobroff et al., 
1999; Mahaisavariya et al., 2002; Shefelbine et al., 2002; Davids et al., 2003; Jenkins 
et al., 2003; Tamari et al., 2005; Hudson et al., 2006). 
 
3.3.2 Principle components of gait data 
Principle component analysis of kinematics and age data demonstrated that many of 
the kinematic parameters are related to each other. However, they are correlated 
differently in healthy and CP children highlighting the difference in walking 
strategies. A previous study used PC models of knee kinematics and kinetics in order 
to quantify the differences between normal and pathological gait patterns in terms of 
percentage of gait cycle (Deluzio et al., 1997). Subsequently the Gillette Gait Index 
was developed, based on principal component analysis, to reduce a set of 16 
kinematic variables to a single measure. This quantifies a CP patient’s gait pattern 
with respect to an average normal gait (Schutte et al., 2000). Another more recent 
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study used PCA on kinematic data over time and introduced the concept of the gait 
mode, which was used to identify gait differences among subjects or groups, such as 
male and female adult, and to approximate gait curves (Raptopoulos et al., 2006). In 
contrast to previous studies, the present study performed PCA on a list of kinematic 
parameters from the three anatomical planes and age in order to reduce the large 
number of variables to a small number of independent variables, the PCs. These were 
clinically interpreted and the different correlations between the kinematic variables 
and age found in the two groups of children were assessed. 
 
3.3.3 Correlation between torsional angles and kinematics 
in the transverse plane 
Femoral anteversion appears to influence the foot progression angle, in healthy 
children. This implies that in healthy children, it can lead to an internally rotated gait. 
In fact, femoral anteversion is very common in normal children (10%) (Johns-
Hopkins-Medicine) and is the most common cause of children walking with their 
toes inward (in-toeing) in children older than three years of age. 
In CP children, however, there is a very small correlation between femoral 
anteversion and foot progression angle. Also the correlation between femoral 
anteversion and hip rotation was only moderate. The most probable interpretation is 
that in CP the interaction between different joints is more complex and the rotation of 
joints is determined by multiple factors. Attention must be paid then to not confuse 
femoral anteversion with other conditions in CP children. Thus, in-toeing in CP gait 
does not necessarily indicate increase in anteversion. Paediatric orthopaedic surgeons 
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should assess other possible causes of in-toeing before performing a derotational 
osteotomy. 
This study showed that hip rotation during gait plays a role in determining tibial 
torsion in CP, as tibial measurements highly correlate with hip rotation in gait. 
The correlations between femoral and tibial torsion and hip rotation in CP children in 
this study agrees with results previously obtained using CT measurement and 
physical examination of femoral and tibial torsion (Aktas et al., 2000; McKenna et 
al., 2000; Kerr et al., 2003). In this study MR images allowed a more accurate 
measure of femoral anteversion and tibial torsion than plane radiographs because the 
orientation of the bone could be standardise regardless the imaging plane. 
The correlation between anatomical measurements and dynamic function indicate the 
interaction between gait and bone morphology.  
 
3.3.4 Correlation between bone morphology and PCs 
Correlations between PCs from gait data and morphology confirmed clinical 
observations and highlighted correlations which are less evident by direct 
observation. They confirmed that the femoral anteversion and neck-shaft angle 
decrease with age, while the bicondylar angle increases. Results showed that femoral 
anteversion is linked with the foot progression angle in healthy children. In CP 
children however, there was no correlation between femoral anteversion and gait 
parameters or age. This is in agreement with some previous studies but not others 
(Noritake et al., 1998; Aktas et al., 2000; McKenna et al., 2000; Kerr et al., 2003). 
The most probable interpretation is that in CP the interaction between different joints
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is more complex and the rotation of joints is determined by multiple factors, 
including muscle spasticity. Therefore, in-toeing in CP children does not necessarily 
indicate increased femoral anteversion. This should be taken into account, 
particularly when surgical treatment is planned. 
In this study, tibial torsion in CP highly correlated with hip rotation during gait. This 
is in agreement with previous results using computerised tomography measurement 
and physical examination of femoral and tibial torsion (Kerr et al., 2003).  
The bicondylar angle was associated with pelvic obliquity and hip adduction in 
healthy children, and with foot progression in both groups of children. Valgus and 
varus alignment at the knees influences these kinematic characteristics, thus the 
bicondylar angle might indicate valgus and varus at the knees. However, further 
investigation is required as coronal knee measurements were not included in this 
study. 
The results from this analysis compared well with the results obtained when 
correlating directly bony torsion with transverse plane kinematics. Only the moderate 
correlation between femoral anteversion and hip rotation was not evident by using 
the PCs. The reason for that relies on the nature of the PC, which best describe the 
variability in the gait. Most probably, by using the canonical correlation analysis 
(CCA), which finds the basis vectors of two sets of multidimensional variables such 
that the correlations between projections of the variables onto these basis vectors are 
mutually maximized, would obtain the missing correlation. However, the CCA would 
increase the difficulty in interpreting the results, as it would consider the correlations 
between PCs for gait data and PCs for bone morphology and for this reason it was 
not used in this study. 
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3.3.5 Limitations of the research 
CP subjects in this study had no previous surgical treatment; however, some of them 
were previously treated with anti-spasmodic medications, botulinum toxin or 
orthoses. This may have influenced the natural history of bone development in these 
children. The age range of the two groups was as close as possible, in order to obtain 
a consistent data sample. The results of this study are based on a limited number of 
patients, who may not fully represent the spastic diplegic CP population. However, 
the fact that correlations were identified in our limited subject pool probably 
indicates trends in a larger CP population. 
Gait analysis has inherent errors and assumptions. First of all, the model used to 
represent gait, which is one of the most common in clinical use, was developed for 
adults and adapted to children. Marker placement and skin movement artefacts, 
together with anatomical variations, are probably the largest contributors to error 
related to the prediction of the location of the joint centres from surface markers 
(Simon, 2004). Inter-session variability has been reported, although CP children are 
usually consistent in their walking patterns (Steinwender et al., 2000; Simon, 2004). 
In our cases, data quality control was ensured by regular checks of the system 
calibration. For transverse plane data, in particular, the reliability was confirmed by 
ensuring that the knee ‘varus wave’ in the coronal plane remained below 10° (Peralta 
et al., 1999). 
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3.4 Conclusions 
This study has identified three-dimensional long bone deformities in the lower limb 
by using MRIs and has examined three-dimensional kinematics in healthy and spastic 
diplegic CP children. The CP children showed a number of characteristics that were 
distinct from the healthy group, both in the morphology and in the locomotor 
function. Correlations were identified between bone morphology and gait 
characteristics considered in their three-dimensionality. This study represents the first 
step in understanding how gait and motor impairment are related to bone 
development in children with CP. By considering the relationships existing between 
morphology and gait, the information presented here has potential to improve 
interpretation of gait data in this population and optimise treatment of bone 
deformity. 
Moreover, a great variability in CP gait has been examined. Different bone 
morphology may relate differently to different gait characteristics. These results 
constitute the basis for possibly developing a methodology to characterize gait 
patterns in CP. 
4. Classification of CP gait patterns 
 
 
 63 
4. Quantitative classification of gait patterns using 
principal components 
Three-dimensional gait analysis is a multifactorial assessment that combines a range 
of measures, to provide a comprehensive description of human walking (Stebbins, 
2005). Numerous studies have exploited gait analysis in order to characterize normal 
and pathological gait patterns using a variety of gait parameters. Classifications of CP 
children have been suggested, based on their ambulatory function and gait 
measurements. Classifications have been either qualitative, based on clinical 
observation, or quantitative, based on the cluster analysis of gait data to establish 
groupings. Qualitative classifications, such as ‘jump knee’, ‘crouch knee’, ‘equinus’, 
are most commonly used. However these are descriptive, do not use statistical 
techniques, and rely only on sagittal kinematic data for classification purposes 
(Winters et al., 1987; Hullin et al., 1996; Rodda et al., 2004). Concerns have, 
therefore, been raised about their validity (Rodda et al., 2004).  
Other studies have applied a systematic approach to classification involving different 
statistical clustering techniques to classify gait types based on gait analysis data 
(O'Malley et al., 1997; O'Byrne et al., 1998; Kienast et al., 1999; Toro et al., 2007). 
Most of them used ‘k-means’ cluster analysis to identify gait patterns from sagittal 
gait analysis data over time. The k-means technique divides a set of objects into a pre-
determined number of groups by maximizing the variability between different 
clusters and minimizing the variability within each cluster. Using this technique, 
O’Byrne et al. (O'Byrne et al., 1998) identified eight groups with different gait 
patterns based on 237 patients with hemiplegic and diplegic CP. Kienast et al. 
(Kienast et al., 1999) applied the k-means cluster analysis on temporal parameters and 
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sagittal kinematic data and determined three main gait types from 14 healthy patients 
and 24 spastic diplegic subjects. Toro et al. (2007) applied a hierarchical cluster 
analysis on sagittal kinematic gait data over time to 11 healthy and 56 CP children to 
define the optimum number of gait clusters. They detected 13 different gait patterns 
which were then classified as ‘crouch gait’, ‘equinus gait’ and ‘other types of gait’. 
O’Malley et al. (1997) used ‘fuzzy’ k-means clustering on two temporal parameters: 
stride length and cadence (normalized respectively by leg length and age). The fuzzy 
clustering technique takes into account the lack of sharp boundaries between clusters: 
membership degrees between zero and one are used instead of crisp assignments of 
the data to clusters. Using this technique, O’Malley et al. classified 68 healthy and 88 
spastic diplegic children in five clusters and generated an individual’s membership 
value for each cluster. These five groups corresponded to five different walking 
strategies, according to different combinations of cadence and step length values and 
related walking speed. 
Principal component analysis (PCA) has been applied on 16 temporal and kinematic 
variables from 24 healthy and 71 CP children in order to evaluate the extent of CP 
gait deviations from normal (Schutte et al., 2000) and is considered to be a good 
precursor for cluster analysis (Jolliffe, 1986; Abonyi and Feil, 2007).  
Previous studies have shown the feasibility of CP gait classification and the utility of 
PCA for analysing CP gait. However, the lack of a standardised method of gait 
classification, based on three-dimensional kinematics and temporal parameters, is still 
a critical issue relating to the treatment of gait pathology in CP (O'Byrne et al., 1998; 
Toro et al., 2007). The aim of this study was to generate a quantitative and objective 
technique that identifies and automatically classifies the heterogeneous population of 
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spastic diplegic CP children into a number of clinically recognizable groups, 
according to their gait characteristics. The use of PCA in this study allowed the 
creation of a graphical classification without setting the number of groups a priori and 
with allowing multiple memberships to groups. This standardized and objective 
method for interpreting gait data in CP children may be used to support clinical 
observation of gait patterns in the detection of abnormalities that contribute to a 
particular walking strategy. 
 
4.1 Methods 
4.1.1 Gait analysis and principal component analysis 
Gait analysis data were obtained from 20 healthy subjects (mean age 8.7 years, range 
6-13 years) and 20 subjects with spastic diplegic CP and a wide variety of gait 
patterns (mean age 9 years, range 5-12 years). 
Seven infra-red cameras (Vicon 370 - Vicon Motion Systems, Oxford, UK), sampled 
at 50 Hz, were used to measure three-dimensional motion of the lower limbs. 
Thirteen retro-reflective spherical markers (14 mm in diameter) were attached to 
specific anatomical landmarks on the lower limbs. Subjects were asked to walk at 
their normal pace along the 10 m walkway. For each child, six walking trials were 
recorded. Using Vicon software (Workstation, Version 4.6) the three-dimensional 
position of each marker for each time frame was calculated along with joint angles 
and temporal parameters. These data were previously collected at the Nuffield 
Orthopaedic Centre but required significant further analysis to fully utilize all of the 
raw data. 
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Twenty-six clinically relevant lower limb kinematic variables, the same used for the 
correlation study (Chapter 3), were selected for further analysis (Table 4.1). Since the 
CP population considered in this study included patients with significant planovalgus 
foot deformities, sagittal ankle kinematics were not included in the chosen variables. 
The data were normalised by subtracting the mean and dividing by the standard 
deviation for each parameter, considering all the children together. Thus healthy 
children and CP children groups were not defined a priori.  
PCA was used to identify the dominant variability in the data and generate a new set 
of independent variables, the principal components (PCs), which are weighted 
combinations of the original variables. Only the first three PCs were used for further 
analysis, as they individually accounted for the most variability (respectively 36.6%, 
13.5% and 10.7%), while the other components had a small individual contribution to 
the total variation, accounting individually for less than 8% of the total variation. The 
main intent here was to make the method as useful as possible taking into account the 
minimum number of components with the maximum amount of information. 
Interpretation of PCs of interest was facilitated by considering only the variables with 
larger weighting (more than 0.20), in absolute value, to represent each PC (Jolliffe, 
1986). This could show the correlation existing between the variables. 
The values for the three PCs considered were plotted in two two-dimensional graphs. 
These plots are particularly useful in detecting patterns in the data and, though 
generally less easy to interpret quickly, they can sometimes give additional insights 
(Jolliffe, 1986). Then, for a better understanding of the position of each subject within 
the graph, fuzzy clustering analysis was applied. 
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VARIABLE NAME DESCRIPTION MEAN±SD 
Age The length of time that a child has lived 8.89±2.04 
Walking Speed Absolute walking velocity in forward direction 1.07±0.31 
Step length Distance between consecutive foot strikes of contralateral leg 0.48±0.12 
Stride length Distance between consecutive foot strikes of the ipsilateral leg 0.96±0.24 
Step time Time between consecutive foot strikes of contralateral leg 0.46±0.06 
Stride time Time between consecutive foot strikes of the ipsilateral leg 0.92±0.13 
Cadence Number of steps per minute 133.36±17.70 
Avg pelvic tilt Average pelvic position in the sagittal plane 13.83±6.53 
Range pelvic tilt Range of pelvic movement in the sagittal plane 6.27±2.73 
Avg pelvic obliquity Average pelvic position in the coronal plane 0.81±2.24 
Range pelvic obliquity Range of pelvic movement in the coronal plane 9.16±3.00 
Avg pelvic rotation Average pelvic position in the transverse plane -0.90±5.22 
Range pelvic rotation Range of pelvic movement in the transverse plane 15.45±6.06 
Max hip flex swing Max flexion of the hip in the sagittal plane in swing phase 41.84±9.85 
Max hip extension Max extension of the hip in the sagittal plane -5.69±11.50 
Max hip adduction Max adduction of the hip in the coronal plane 9.16±3.41 
Max hip abduction Max abduction of the hip in the coronal plane -4.88±4.34 
Avg hip add stance Average adduction of the hip in the coronal plane in stance 4.69±3.50 
Avg hip abd swing Average abduction of the hip in the coronal plane in swing -4.67±4.33 
Max hip rotation Max internal rotation of the hips in the transverse plane 13.28±10.82 
Avg hip rotation Average rotation of the hips in the transverse plane 4.37±9.99 
Max knee ext stance Maximum knee extension in the sagittal plane in stance phase 8.08±16.11 
Knee flex IC Flexion of knee at initial contact of the foot with floor 20.90±17.82 
Peak knee flex swing Peak value of knee flexion in sagittal plane in swing phase 59.77±8.66 
Time peak knee flex swing Time of the peak knee flexion in swing phase (% gait cycle) 77.74±6.38 
Range knee flex Range of knee flexion in the sagittal plane 52.29±16.62 
Avg foot prog stance Average angle between the direction of progression of the subject and the 
longitudinal axis of the foot 
-3.15±14.75 
Table 4.1 Gait variables involved in the PCA with respective mean and standard deviation (SD). The second to sixth are temporal parameters. The remaining 
20 are kinematic parameters. For each child, the mean of the three trials analysed was calculated for each variable. Then, for each variable, the mean and the 
standard deviation were calculated considering the mean for each child in the group (healthy and CP together). 
4. Classification of CP gait patterns 
 
 
 68 
4.1.2 Cluster analysis 
Fuzzy C-mean cluster analysis was performed on the first three PCs in order to 
classify the entire data set into groups of children with similar gait characteristics. 
This method is particularly suitable for CP children because it allows a child to be a 
member of multiple groups simultaneously, with different degrees of membership. 
Given N x n dimensional dataset, the fuzzy C-means clustering algorithm allocates 
each data point to c clusters by minimizing an objective function called C-means 
functional defined by Dunn (Abonyi and Feil, 2007) as: 
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is the covariance matrix and mx  is the sample mean of the data (Abonyi and Feil, 
2007). 
Statistically, (4.1) can be seen as measure of the total variance of kx  from iv . The 
degree of membership is related to the inverse of the distance to the cluster center: 
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gives iv as the weighted mean of the data items that belong to a cluster, where the 
weights are the membership degree. 
For this analysis, the fuzziness factor was chosen to be equal to 2, as it is a good 
compromise for allowing multiple memberships (O'Malley et al., 1997). With 
reference to the (4.6), for 2=m , this is equivalent to normalising the coefficients 
linearly to make their sum equal to 1. When m  is close to 1, the cluster center is 
closest to the point, which has more weight than the others, and the algorithm is 
similar to the k-means clustering. 
The c number of clusters was not set a priori but estimated by analysing different 
validation indexes. Because no validation index is reliable only by itself, the optimum 
number of clusters can be only detected with the comparison of all the results given 
by the different scalar validity measures proposed in the literature (Partition 
Coefficient, Classification Entropy, Partition Index, Separation Index, Xie and Beni's 
Index and Dunn's Index ) (Abonyi and Feil, 2007). 
Once the clusters were detected, the clinical files of these patients, their videos and 
their reports were reviewed to define the common characteristic within each group 
and clusters were then named according to the common gait pattern identified. For 
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usability, the clusters were described with boxes instead ellipses; with a box it is 
easier for a practitioner to determine membership to a cluster than with an ellipse.  
The borders of the classification groups were first taken considering 50% of 
membership, which expressed 100% of specificity (number of children without a 
particular gait abnormality who were correctly classified as not having that 
abnormality over the total number of children without that gait abnormality). The 
borders were then enlarged by an iterative process such that they maximize both 
specificity and sensitivity (the number of children with a particular gait abnormality 
who were correctly classified as having that abnormality over the total number of 
children with that gait abnormality). The enlargement of the borders resulted in a 
decrease of the membership. In this study the clusters were meant to include only 
children having that gait pattern and not children that do not have that gait pattern, 
thus very high specificity. If by analysing the data of a child and plotting the 
respective PC values in the graphs, it is possible to affirm that the child has a 
particular gait abnormality if he/she belongs to that abnormality group. If the child 
does not belong to that gait pattern group, however, he/she may still have the gait 
pattern. But no children without that gait abnormality are included in the boxes. As 
this method has being developed as a clinical tool, having very high specificity is 
most useful than having very high sensitivity. ‘They are in the group, they have this 
particular gait abnormality’ is more useful for treatment and surgical planning than 
‘they are not in the group, they don’t have this abnormality’. 
PCA and cluster analysis were performed in MATLAB (Version 7.1, Mathworks, 
Inc., Natick, MA, USA). 
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4.1.3 Rotated components 
The intent of this study in using the PCs was in reducing the dimensionality of the 
variables still accounting the most of the variability between the data. The PCs, 
however, do not have any physical meaning; therefore it can be difficult to interpret 
them. In order to facilitate the interpretation of the PCs, the rotation of the 
components can be used. The rotated components of the PCs contain less information 
and can be easily interpreted. By rotating only the first three principle components the 
reduced dimensionality can be maintained while explaining the same amount of 
variability, and clustering can still be effective. However, the rotated components lose 
the independence typical of the PCs. In this study, the effect of the rotation of PCs on 
the classification was investigated. Thus, the cluster analysis was applied also on the 
rotated components graphs and the resultant classification was compared with the 
original one. 
 
4.1.4 Stability tests 
In order to determine how sensitive the PCs were to the data, a different group of 20 
children (ten healthy and ten CP) was used to identify new sets of PCs, which were 
then compared to those of the full data set. For this group, the PCs were plotted, 
cluster analysis was performed and classifications were compared with the original 
classifications. 
Temporal parameters are considered to influence kinematics (Kerr et al., 2003; 
Hanlon and Anderson, 2006) and thus be sufficient variables for classifying CP 
children (Johnson et al., 1997; O'Malley et al., 1997). In order to determine if
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temporal parameters are fundamental for CP classification, the PCs were recalculated 
excluding the temporal parameters and age (Table 4.1). The new PCs were compared 
to the PCs of the original data set. 
Finally, the reliability of the graphical classification and its ability to predict clinical 
problems was assessed. Test data, including seven subjects with spastic diplegic CP, 
which were not part of the original data set, were introduced. Their first three PCs 
were calculated from the equations developed for the original PCs; these values were 
plotted on cluster graphs. From their positions on the graphs, their clinical gait 
classification was predicted and then compared to their clinical report.  
 
4.2 Results 
4.2.1 Gait analysis and principal component analysis 
The first three PCs accounted for 61% of the total variability (Tables 4.2 and 4.3).  
The first PC was most influenced by the walking speed with the knee and hip 
movements in the sagittal plane. The second PC was primarily a function of cadence 
and step/stride time and pelvis and hip coronal plane movements. The third PC was 
an indicator of pelvic and hip movements in the sagittal and coronal planes. 
Two-dimensional plots of the PCs divided the set of observations into two distinct 
non-overlapping groups: healthy children formed a cluster, while CP children were 
spread on the graph due to the large variability in CP gait (Figures 4.1 and 4.2). As a 
result the two groups resulted to have different characteristics respect to the PCs used 
for their representation. The ‘healthy gait’ cluster was found to have increased 
walking speed and step and stride length, and therefore more negative values of PC1, 
compared to the CP gait. 
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VARIABLE NAME PC1 PC2 PC3 
Age 0.03 0.25 0.14 
Walking Speed -0.28 -0.14 0.05 
Step length -0.26 -0.01 0.06 
Stride length -0.27 0.00 0.07 
Step time 0.15 0.34 -0.07 
Stride time 0.17 0.33 -0.02 
Cadence -0.17 -0.32 0.01 
Avg pelvic tilt 0.16 -0.24 -0.23 
Range pelvic tilt 0.16 -0.12 0.10 
Avg pelvic obliquity 0.13 -0.13 0.40 
Range pelvic obliquity -0.11 -0.32 -0.10 
Avg pelvic rotation -0.04 0.24 -0.05 
Range pelvic rotation 0.03 -0.25 -0.12 
Max hip flex swing 0.16 -0.19 -0.35 
Max hip extension 0.25 0.04 -0.23 
Max hip adduction 0.15 -0.27 0.18 
Max hip abduction 0.22 0.01 0.38 
Avg hip add stance 0.20 -0.16 0.29 
Avg hip abd swing 0.22 0.00 0.38 
Max hip rotation 0.21 -0.20 -0.02 
Avg hip rotation 0.20 -0.19 -0.02 
Max knee ext stance 0.22 0.15 -0.13 
Knee flex IC 0.27 -0.02 -0.16 
Peak knee flex swing -0.09 0.04 -0.22 
Time Peak knee flex swing 0.25 -0.05 -0.19 
Range knee flex -0.27 -0.11 0.02 
Avg foot prog stance 0.15 -0.16 -0.04 
Table 4.2 Weightings of the gait variables involved in the PCA with respect to the first three PCs  
 
PC POSITIVE VARIABLES NEGATIVE VARIABLES 
1st PC 
(36.58%) 
Knee flexion at initial contact (0.27) 
Time of peak knee flex in swing (0.25) 
Max hip extension (0.25) 
Max hip abduction (0.22) 
Average hip abduction (0.22) 
Max knee ext stance (0.22) 
Max hip rotation (0.21) 
Walking speed (0.28) 
Stride length (0.27) 
Range of knee flexion (0.27) 
Step length (0.26) 
2nd PC 
(13.47%) 
Step time (0.34) 
Stride time (0.33) 
Age (0.25) 
Average pelvic rotation (0.24) 
Cadence (0.32) 
Range of pelvic obliquity (0.32) 
Max hip adduction (0.27) 
Average pelvic tilt (0.25) 
Range of pelvic rotation (0.24) 
3rd PC 
(10.65%) 
Average pelvic obliquity (0.40) 
Average hip abduction (0.38) 
Max hip abduction (0.38) 
Average hip adduction in stance (0.29) 
Max hip flex in swing (0.35) 
Average pelvic tilt (0.23) 
Max hip extension (0.23) 
Peak knee flexion in swing (0.22) 
Table 4.3 Interpretation for the first three PCs, with relative percentage of total variation, for the 
kinematics measurements of a group of 20 healthy and 20 CP children. As a PC increases, the positive 
variables also increase, while the negative variables decrease. Only the variables with weight larger 
than 0.20 contributed in the composing of each PC. Weights of the contributing variables are given in 
brackets. 
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4.2.2 Cluster analysis 
The optimal number of clusters determined by comparing results from five different 
validation indexes, resulted in four clusters for PC1 vs PC2 and five clusters for PC1 
vs PC3. 
These clusters were then named according to the gait patterns information held within 
the clinical reports. The fuzzy clustering divided the CP group into different 
subgroups, each of which corresponded to a different gait type and kinematics 
features (Figures 4.1 and 4.2). CP children with equinus pattern (toe-walking) were in 
area 1. Area 2 covered CP children with a jump knee pattern (excessive knee flexion 
at initial contact followed by extension later in stance). Area 3 included CP children 
with crouch knee pattern (knee flexion throughout stance ≥ 30˚). The CP subjects in 
area 4 had stiff knee gait pattern (delayed and/or reduced peak knee flexion in swing). 
Equinus, jump, crouch and stiff knee gait patterns (areas 1-4 in Figure 4.1) are all 
alterations in sagittal kinematic patterns. Thus these were all located along the 
positive side of PC1, which corresponds to increased knee and hip movements in the 
sagittal plane. Area 5 (Figure 4.2) represented CP children with extremely limited 
mobility, as indicated by the high value of PC1 (slow walking speed). The CP 
children with pelvic obliquity in area 6 and with hip adduction in area 7 had positive 
values of PC3 (Figure 4.2). Area 8 contained CP children with hip rotation. The CP 
children in area 9 had incomplete hip extension, as indicated by the positive value of 
the PC1 and the negative value of the PC3 (Figure 4.2). 
Each group, identified by the analysis, indicated a gait pattern and contained children 
that were similar in the way several of the variables of a specific PC were related to 
each other. A different group, thus a different gait pattern, would have different
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Figure 4.1 Gait patterns recognised by using PC1 vs PC2. 1 equinus, 2 jump knee, 3 crouch knee, 4 
stiff knee. As a PC1 increases, the positive variables on the right also increase, while the negative 
variables on the left decrease. As a PC2 increases, the positive variables on the top also increase, while 
the negative variables on the bottom decrease. 
 
 
Figure 4.2 Gait patterns recognised by using PC1 vs PC3. 5 limited walkers, 6 pelvic obliquity, 7 hip 
adduction, 8 hip rotation, 9 incomplete hip extension. As a PC1 increases, the positive variables on the 
right also increase, while the negative variables on the left decrease. As a PC3 increases, the positive 
variables on the top also increase, while the negative variables on the bottom decrease. 
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relationships with the PCs. Fuzzy clustering allowed overlapping between CP groups, 
indicating that a child may belong to several groups and have multiple gait 
abnormalities.  
The classification method and the clinical reports agreed with each other. Based on 
the clinical reports, the classification had very good specificity of 100% for most 
abnormalities (except for crouch knee, pelvic obliquity and hip rotation groups where 
it was 91%, 88% and 83% respectively). The sensitivity of each group varied from 
58% for the pelvic obliquity group to 100% for the equinus group, with an average 
sensitivity of 74%. Table 4.4 reports on the values of specificity and sensitivity within 
the clusters in the process of enlarging their borders. While enlarging the borders, 
membership decreased from 50% to 30% and to 10-20%, conversely sensitivity and 
specificity were both maximized. The borders shown in the Figures 4.1 and 4.2 
correspond to a clusters membership of 10-20% (Table 4.4). 
DEGREE OF MEMBERSHIP 
50%  30%  10%-20% 
 
GAIT 
PATTERN 
Specificity Sensitivity Specificity Sensitivity Specificity Sensitivity 
Equinus 100% 41% 100% 76% 100% 100% 
Jump knee 100% 58% 100% 58% 100% 58% 
Crouch knee 91% 25% 91% 38% 91% 78% 
Stiff knee 100% 17% 100% 29% 100% 64% 
Limited wk 100% 40% 90% 40% 90% 60% 
Pelvic obliq 88% 33% 88% 58% 88% 67% 
Hip adduct 100% 9% 100% 45% 100% 73% 
Hip rotat 83% 33% 83% 33% 83% 92% 
Inc hip ext 100% 54% 100% 69% 100% 72% 
Table 4.4 Specificity and sensitivity of the nine CP groups resulted from the cluster analysis 
according to the degree of membership 
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4.2.3 Rotated components 
The rotated components differed from the original components (Table 4.5). Each of 
them had one or two variables fewer than the original principal components. 
Also the groups obtained by cluster analysis differed, in number and gait pattern 
described, from the ones obtained from the original components. Three groups for 
each graph were obtained by the cluster analysis and only five different gait patterns 
in total were identified by using the clinical reports (Figures 4.3 and 4.4). It is 
possible that fewer clusters were found because each rotated component contains less 
‘information’ than the original PCs. Secondly, the presence of the equinus group in 
both graphs may be related to the non-independency of the rotated components that 
therefore may contain the same ‘information’ about equinus gait (i.e. the rotated 
components do not describe distinct variability in gait patterns). Also, the optimized 
values of specificity and the sensitivity were lower than the values for the original 
groups (Table 4.6). 
PC POSITIVE VARIABLES NEGATIVE VARIABLES 
1st PCrot Max hip flex in swing (0.39) 
Average pelvic tilt (0.34) 
Time of peak knee flex in swing (0.31) 
Max hip extension (0.29) 
Knee flexion at initial contact (0.29) 
Max hip rotation (0.25) 
Average hip rotation (0.23) 
Stride length (0.24) 
Step length (0.22) 
 
2nd PCrot Step time (0.37) 
Stride time (0.37) 
Max knee ext stance (0.24) 
Age (0.23) 
Walking speed (0.26) 
Cadence (0.36) 
Range of pelvic obliquity (0.33) 
Range of knee flexion (0.22) 
3rd PCrot Average pelvic obliquity (0.43) 
Max hip adduction (0.43) 
Average hip abduction in stance (0.43) 
Average hip adduction (0.38) 
Max hip adduction (0.29) 
Peak knee flexion in swing (0.24) 
Table 4.5 Interpretation for the first three rotated PCs, with relative percentage of total variation, for 
the kinematics measurements of a group of 20 healthy and 20 CP children. Only the variables with 
weight larger than 0.20 contributed in the composing of each PC. Weights of the contributing 
variables are given in brackets. 
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Figure 4.3 Gait patterns recognised by using PC1rotated vs PC2rotated. 1 equinus, 2 internal foot 
rotation, 3 incomplete hip extension. 
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Figure 4.4 Gait patterns recognised by using PC1rotated vs PC3rotated. 1 equinus, 4 hip adduction, 5 
pelvic obliquity. 
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PC1rot vs PC2 rot PC1 rot vs PC3 rot GAIT PATTERNS 
Specificity Sensitivity Specificity Sensitivity 
Equinus 100% 58% 100% 76% 
Stiff knee 100% 72%   
Internal foot rotation 90% 75%   
Pelvic obliquity   100% 75% 
Hip adduct   100% 63% 
Table 4.6 Specificity and sensitivity the five CP groups resulted from the cluster analysis on the first 
three rotated components, according to the degree of membership. 
 
In this study it was aimed to obtain as many independent clusters as possible based on 
a reduced dimensional space, that could express different gait patterns and maximize 
specificity and sensitivity, therefore the use the original components for the cluster 
analysis was more appropriate. 
 
4.2.4 Stability tests 
The results of the stability tests confirmed that the graphical classification presented 
in this study is quite stable and robust. Considering only ten healthy and ten different 
CP children, the variability of the first three components, taken singularly or in their 
totality, was similar to the original group of 40 children (Table 4.7). The PC120children 
was very similar to the PC1 of the group of 40 children together. The PC220children was 
similar to the negative of the original PC2, but with other variables added to it. The 
PC320children had most of the variables found in the original PC3 (Table 4.7). 
By applying the cluster analysis, it was possible to classify the 20 children according 
to their gait characteristics (Figures 4.5 and 4.6). The results showed more or less the 
same number and typology of groups compared to the original one for 40 children. 
However, the boxes positioning was different. This is due to the different 
composition of the principle components.  The graph PC120children vs PC220children 
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 PC POSITIVE VARIABLES NEGATIVE VARIABLES 
1st PC20child 
(41.87%) 
Knee flexion at initial contact (0.27) 
Max hip extension (0.25) 
Step time (0.24) 
Max knee ext stance (0.24) 
Time peak knee flex swing (0.24) 
Stride time (0.23) 
Range of pelvic tilt (0.22) 
Average hip abduction stance (0.21) 
Walking speed (0.27) 
Step length (0.25) 
Stride length (0.24) 
Cadence (0.24) 
Range of knee flexion (0.24) 
2nd PC20child 
(17.10%) 
Average pelvic obliquity (0.36) 
Range of pelvic obliquity (0.35) 
Max hip adduction (0.35) 
Average foot progr in stance (0.31) 
Average hip adduction (0.29) 
Average hip abduction (0.22) 
Age (0.23) 
Stride time (0.22) 
 
3rd PC20child 
(13.43%) 
Average pelvic obliquity (0.22) 
Average pelvic rotation (0.30) 
Max hip abduction (0.33) 
Average hip abduction (0.33) 
 
Average pelvic tilt (0.40) 
Range of pelvic tilt (0.22) 
Range of pelvic rotation (0.26) 
Max hip flex in swing (0.33) 
Max hip rotation (0.25) 
Time peak knee flexion swing (0.23)  
Table 4.7 Interpretation for the first three PCs, with relative percentage of total variation, for the 
kinematics measurements of a group of 10 healthy and 10 CP children. Only the variables with weight 
larger than 0.20 contributed in the composing of each PC. Weights of the contributing variables are 
given in brackets. 
 
identified four boxes (Figure 4.5). The graph PC120children vs PC320children identified 
five boxes (Figure 4.6). The stiff knee group disappeared from the graphs. Looking at 
the clinical reports, the lack of stiff knee can be justified by the fact that all the CP 
children considered in the new group had stiff knee. Also, the contribution of the 
respective gait variables is evident in the composition of the PCs. In fact PC220children 
has foot progression as main component (not so strong in the PCs for 40 children) and 
PC120children and PC320children all have pelvic tilt. The classification for the 20 children 
comprised boxes of foot rotation and pelvic tilt, which were not present in the 
classification for the 40 children. The equinus box also disappeared as only couple of 
children in the new group had equinus gait pattern, which, as reported in their clinical 
files, was not even considered as a main problem. 
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Figure 4.5 Gait patterns recognised by using PC120children vs PC220children. 1 internal foot rotation, 2 
hip abduction, 3 hip adduction, 4 incomplete hip extension. 
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Figure 4.6 Gait patterns recognised by using PC120children vs PC320children. 5 crouch knee, 6 hip 
rotation, 7 jump knee, 8 limited walkers, 9 pelvic tilt. 
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Also the values of specificity and sensitivity were comparable to the ones obtained 
for the group of 40 children (Table 4.8).  
The classifications clusters identified for the new data set were slightly different, but 
still able to identify different gait patterns, thus confirming the suitability of the 
methodology. 
Considering no temporal variables, the variables contributing to the first three PCs 
confirmed that temporal parameters are highly related with kinematics parameters. 
Without temporal parameters, the PCs and cluster analysis did not change indicating 
that temporal information is contained in the kinematic variables (Table 4.9).  
The clinical utility of the graphical classification was demonstrated using the data of 
seven subjects with spastic diplegia (Figures 4.7 and 4.8). Their classifications 
matched the clinical reports, demonstrating the utility of the graphical classification. 
 
PC1rot vs PC2rot PC1rot vs PC3rot GAIT PATTERNS 
Specificity Sensitivity Specificity Sensitivity 
Jump knee   100% 100% 
Crouch knee   100% 100% 
Limited walking   100% 83% 
Hip rotation   100% 100% 
Pelvic tilt   100% 87% 
Inc hip ext 100% 60%   
Foot rotation 100% 63%   
Hip adduct 100% 100%   
Hip abduction 67% 100%   
Table 4.8 Specificity and sensitivity of the nine CP groups resulted from the cluster analysis of 10 CP 
children, according to the degree of membership. 
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Figure 4.7 Gait patterns recognised by using PC1 vs PC2. 1 equinus, 2 jump knee, 3 crouch knee, 4 
stiff knee. As a PC1 increases, the positive variables on the right also increase, while the negative 
variables on the left decrease. As a PC2 increases, the positive variables on the top also increase, while 
the negative variables on the bottom decrease. The location of the seven test subjects on the PCs 
graphs indicated their particular gait pathology. Test subjects A, B, E with a stiff knee gait. C, D, F and 
G had jump knee pattern, whilst subject B had crouch knee. 
NO TEMPORAL VARIABLES 
PC POSITIVE VARIABLES NEGATIVE VARIABLES 
1st PCnotemp 
(37.08%) 
Knee flexion at initial contact (0.31) 
Max hip extension (0.28) 
Max  hip adduction (0.22) 
Average hip adduction (0.26) 
Max and average hip abduction (0.26) 
Max  hip rotation (0.27) 
Average hip rotation (0.26) 
Time peak knee flexion in swing (0.27) 
Max knee extension in stance (0.23) 
Average pelvic tilt (0.22) 
Range pelvic tilt (0.21) 
Range of knee flexion (0.29) 
2nd PCnotemp 
(14.17%) 
Max hip flexion (0.39) 
Average pelvic tilt (0.31) 
Range pelvic rotation (0.26) 
Range pelvic obliquity (0.23) 
Max hip abduction (0.38) 
Average hip abduction (0.37) 
Average pelvic obliquity (0.35) 
Average hip adduction (0.25) 
3rd PCnotemp 
(13.29%) 
Max knee extension (0.40) 
Average of pelvic rotation (0.32) 
Max hip extension (0.29) 
Knee flexion at initial contact (0.23) 
Peak knee flexion (0.21) 
Range of pelvic rotation (0.35) 
Range of pelvic obliquity (0.33) 
Range knee flexion (0.28) 
Average pelvic obliquity (0.28) 
Average foot progres stance (0.22) 
Max hip adduction (0.21) 
Table 4.9 Interpretation for the first three PCs, with relative percentage of total variation, for the 
kinematics measurements of a group of 20 healthy and 20 CP children without temporal parameters. 
Only the variables with weight larger than 0.20 contributed in the composing of each PC. Weights of 
the contributing variables are given in brackets. 
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Figure 4.8 Gait patterns recognised by using PC1 vs PC3. 5 limited walkers, 6 pelvic obliquity, 7 hip 
adduction, 8 hip rotation, 9 incomplete hip extension. As a PC1 increases, the positive variables on the 
right also increase, while the negative variables on the left decrease. As a PC3 increases, the positive 
variables on the top also increase, while the negative variables on the bottom decrease. The location of 
the seven test subjects on the PCs graphs indicated their particular gait pathology. Test subjects A, B, 
E, F, G were limited walkers. Test subjects A, B, C had hip rotation and E, F, G had pelvic obliquity 
and hip adduction. A, B, E, G had incomplete hip extension. 
 
4.3 Discussion 
Principal component cluster analysis was used to classify children with spastic 
diplegia and to identify their gait abnormalities. The aim of this classification method 
was to help in clinical evaluation, classifying children based on ambulatory function 
and gait measurements. Clinical assessment is typically undertaken by comparing a 
patient’s measurements to normal data or to the gait patterns suggested from the 
literature. The method presented here evaluated gait measurements and functional 
ability by generating an automatic quantitative assessment. Using cluster technique 
on the gait data, each affected limb of a CP child can be automatically placed into 
clinical groups that identify the gait deviations. This technique may confirm clinically 
observed patterns or identify gait patterns that cannot be distinguished easily by 
visual inspection of the data. 
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A total of nine groups were detected by using PC1, PC2 and PC3. Each of the group 
corresponded to a different gait pattern. No two clusters identified the same gait 
pattern because the PCs were uncorrelated and therefore represented different 
variability. 
The results of this study demonstrated that temporal and kinematic variables are 
strongly correlated. This explains the positions of the boxes and their relationships 
with the variables constituting the PCs. The composition of PC1 emphasizes the 
correlation between walking speed and sagittal plane kinematics, and indicates that 
walking speed may be a predictor of sagittal kinematic alterations. A decrease in 
walking speed is associated with a reduction in peak knee flexion in swing and range 
of knee flexion (Kerr et al., 2003; Hanlon and Anderson, 2006). The stiff knee pattern 
is the box with a large PC1, corresponding to a slow walking speed. As a result the 
‘stiff knee’ box partially overlaps the box of ‘limited walkers’ along PC1. Knee 
flexion in stance phase has a positive correlation with gait speed (Kerr et al., 2003; 
Hanlon and Anderson, 2006) and as a result jump knee and crouch knee patterns have 
a smaller PC1 (i.e. faster walking speed), but remain in the CP area. 
In equinus, the contributions of the knee and ankle moments are significantly altered 
in early stance (Riley and Kerrigan, 2001), therefore it can be confused with jump and 
crouch gait (Rodda et al., 2004). This explains the overlapping between equinus and 
the jump and crouch boxes. The equinus box also partly overlaps with the stiff knee 
box, suggesting that the range of knee flexion in swing is reduced in equinus gait. 
Some of the reduced knee flexion in swing may be merely a consequence of toe-
walking, rather than a result of other causes, such as spasticity of the rectus femoris 
muscle (Kerrigan et al., 2001). The composition of PC1 confirms that sagittal plane 
kinematic variables are important in detecting different gait patterns.  
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The structure of PC2 indicates the influence of cadence, step/stride time and age on 
walking pattern. Rodda et al. (2004) affirmed that the progression from equinus to 
jump knee and then to crouch gait was observed in children with spastic diplegia and 
occurred with increasing age and severity of the involvement. As the gait pattern 
deteriorated step/stride time increased and cadence decreased. This evolution may 
explain the position along PC2 of the jump and crouch knee pattern boxes of children. 
Crouch knee has a larger PC2 (indicating increased step/stride time) than the jump 
knee group. 
Because temporal and kinematics are closely related, CP classifications can be made 
either using temporal parameters or kinematic variables. In fact, a previous study 
showed that walking speed, cadence and step/stride length were sufficient variables 
for classifying any CP child (O'Malley et al., 1997). Another study also found that 
temporal-distance parameters are more sensitive indicators of the degree of motor 
involvement in CP compared to single joint kinematics (Johnson et al., 1997). 
However, the temporal parameters are only able to affirm that CP children had 
affected gait without determining their specific walking abnormalities. Thus temporal 
variables are not able to classify CP children accordingly to their gait patterns as 
instead kinematic variables are. 
By relating PCs to original variables, it was possible to explain the presence of the 
clusters within the graphs and their location with respect to each other and compare 
the results of our study with those in the literature and explain why the boxes are in 
certain locations. 
There are additional clinically observed gait patterns, such as foot rotation, which 
could not be identified from the PCs analysed in this study. They might be 
identifiable by analysing all PCs rather than just the first three. However, the first 
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three PCs accounted for most of the variability and could classify nine CP gait types. 
Furthermore, the stability of the PCs was studied analysing two groups of 20 and 40 
children, and with 20 and 26 variables. A considerable increase in the number of 
children, as well as an increase in the number of variables, could alter the 
composition of the PCs, which could influence the amount and the positions of the 
different groups. However, the overall method would still be valid. Moreover, an 
increase of the number of children can increase the variability in the gait 
characteristics and make the boxes’ definition more stable.  
In order to classify gait patterns, gait parameters from the three anatomic planes were 
considered. Previously, gait abnormalities were mainly studied in the sagittal plane 
(Winters et al., 1987; Hullin et al., 1996; O'Byrne et al., 1998; Kienast et al., 1999; 
Rodda et al., 2004; Toro et al., 2007). However, kinematic deviations in CP gait are 
more diverse than just flexion and extension problems. Children with cerebral palsy 
usually have transverse plane deviations at hip, knee and foot (Noritake et al., 1998; 
Aktas et al., 2000; McKenna et al., 2000; McMulkin et al., 2000; Kerr et al., 2003). 
They may also have pelvic obliquity and hip adduction in the coronal plane 
(Sutherland et al., 1988). A classification system incorporating gait parameters in all 
three anatomical planes can improve the evaluation of particular gait problems related 
to CP. Unlike most of the previous studies, this one did not use kinematic variables 
over time, but, similar to the Gillette Index, this study considered selected specific 
gait parameters from all three anatomical planes. While the Gillette Index defines 
only the degree of abnormality, the method here developed characterizes gait 
abnormalities. It would be interesting in the future to assess the relationship between 
these two methods. 
In this study, PCA clustering analysis generated subgroups within the main CP group
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without defining the total number of these subgroups a priori. Unlike k-means, the 
fuzzy clustering technique allowed multiple memberships of groups. Previous studies 
used broad classifications in order to describe the gait abnormality without detailed 
explanation. The classification presented here facilitates the identification of different 
pathologies that compose a particular gait pattern, and offers a more detailed 
assessment of gait problems. CP children often have more than one interrelated gait 
abnormality. Detailed assessment of functional impairments generally determines the 
success of treating gait disorders in spastic diplegia. Thus, the multiple group 
memberships can be utilized by clinicians as an objective measure of different 
walking strategies adopted by children with CP. 
 
4.4 Conclusions  
This study proposed a methodology for an automatic and quantitative classification of 
gait patterns in CP using principal component clustering analysis. Graphical 
classification of gait types could aid in clinical evaluation, serve as a validation of 
clinical reports and help in treatment planning. 
Different walking strategies adopted by children with CP may results in different 
muscle and hip joint contact forces. This study therefore sets up for investigating the 
loading conditions on the bone when different walking strategies are considered. 
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5. Loading conditions on the femur during walking 
Dynamic human motion is accomplished by activating the muscles, which 
subsequently produce force and in turn, move the joints and bones in a controlled 
manner to attain the predetermined task requirements. The outcome of this entire 
process mostly depends on the force generation properties of the muscles, the 
anatomical characteristics of the skeleton system and the neuronal control system. 
Determining the internal forces underlying human movement is essential for 
understanding the relationship between the mechanical environment in bones and its 
effect on biological processes, such as bone growth. 
In vivo load measurements at the hip and in the diaphyseal part of the bone (English 
and Kilvington, 1979; Bergmann et al., 1993; Duda et al., 1997) have revealed the 
loading conditions at two specific locations within the femur. However, it is very 
difficult to determine in-vivo loads transmitted by the muscles, ligaments and joint 
articular surfaces of human subjects (Komi, 1990; Collins, 1995). 
As a result, different analytical (non-invasive) methods have been proposed with 
which to determine the individual muscle forces and loads at joints. The inter-
segmental forces and the joint moments can be estimated by analysing the external 
ground reaction forces, the limb segment inertial properties and the three-dimensional 
location of the joint center during dynamic activities using inverse dynamics. 
However, even simplifying the anatomy, a unique solution for the individual muscle 
forces is not possible when solving the muscle and contact forces at the joints of the 
lower limb (Tsirakos et al., 1997). The human musculoskeletal system is redundant 
with more muscles crossing a joint than degrees of freedom at the joint. Therefore, 
there are an infinite number of different combinations of muscle, ligament and intra-
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articular contact forces that can be applied to maintain a specific posture or generate a 
certain movement (Collins, 1995). Consequently, further assumptions or 
simplifications need to be introduced. 
Two general approaches have been used to resolve the indeterminate problem. The 
first one is the reduction method, which consists of reducing the number of unknown 
forces acting at a joint to the number of available equations of mechanics (Collins, 
1995). This aim is usually attained by introducing a number of simplifying functional 
and anatomical assumptions, such as grouping together muscles acting in close areas. 
The reduction method has been previously used to study the mechanical 
environments at the hip, knee (Morrison, 1970) and ankle (Procter and Paul, 1982) 
during walking. These investigations utilised electromyographic (EMG) signals as 
guides to choose the principal muscle group or groups active at each instant of the 
gait cycle. The reduction method is however, a limited approach. In fact, by 
examining isolated joint systems the bi-articular actions of certain muscles such as 
rectus femoris, hamstrings and gastrocnemius were not considered. Furthermore, in 
order to simplify the analyses, the co-activation of antagonistic muscles was 
disregarded. Finally, the use of EMG patterns to pre-select the activity of the 
appropriate muscle groups did not allow a comparison of the preferred solutions with 
the set of physically realizable limiting solutions of muscle, ligament and intra-
articular contact forces (Collins, 1995). 
The second approach used to solve the indeterminate problem is the optimization 
method, which is a model-based estimation of the muscle forces and requires 
optimization regardless of the strategy, such as inverse or forward dynamics, chosen 
to solve for the equations describing the musculoskeletal system (Collins, 1995). 
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In inverse dynamics, joint torques are first calculated from joint kinematics and 
reaction force data. Static optimization procedures estimate the muscle forces by 
minimizing or maximizing an appropriate objective function, considered to describe a 
mechanism via which the human body engages muscles to generate a joint moment. 
Various objective functions to predict muscle forces have been suggested including 
minimal muscle force (Seireg and Arvikar, 1973; Seireg and Arvikar, 1975; Pedotti et 
al., 1978; Rohrle et al., 1984), minimal muscle stress (Crowninshield, 1978; 
Crowninshield and Brand, 1981; Dul et al., 1984(a); Dul et al., 1984(b); Pedersen et 
al., 1997), and minimal energy expenditure or consumption (Hardt, 1978; Patriarco et 
al., 1981; Davy and Audu, 1987).  
The objective function is subject to constraints. Among these, the moment 
equilibrium about the origin of the coordinate system (Kaufman et al., 1991(a); 
Kaufman et al., 1991(b); Glitsch and Baumann, 1997; Li et al., 1998), and the 
physiological assumptions on the muscle activations (Lenaerts et al., 2008), or on the 
force-length relationships for the muscles. 
The optimization criteria may be linear or non-linear. The linear optimization, where 
objective and constraint functions are both linear relationships (e.g., minimal total 
muscle force based on moments histories), is limited in finding the solution for the 
force sharing problem, even though the use of appropriate constraints and 
physiologically realistic boundary conditions can improve the solution and lead to 
reasonable and functionally acceptable muscle force predictions. Nonlinear 
optimization provides more physiologically acceptable results, especially when the 
criteria used are related to the dynamics of the movement (e.g., instantaneous 
maximum force derived from muscle modelling based on length and velocity
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histories) (Tsirakos et al., 1997). 
Different objective functions have been qualitatively validated using EMG signals 
(Challis, 1997). These signals are used to indicate when the muscles are active 
(disregarding the relative or absolute activity of the muscles), and this information is 
then compared with the activity of the muscles as predicted by the optimization 
procedure. Most of the non-linear objective functions predict load sharing between all 
of the modelled muscles, and have generally been validated using EMG signals 
(Challis, 1997). There have also been attempts to quantitatively evaluate objective 
functions by comparing predicted forces with direct measurements of forces in-vivo 
or in animals (Crowninshield and Brand, 1981) or with forces obtained using forward 
dynamics (Tsirakos et al., 1997). 
Static optimization requires body kinematics measurements, a task that may not be 
possible in some cases and which has intrinsic limitations itself, such as marker noise 
position due to skin movement. Also, because the inverse dynamics calculation is an 
iterative process starting from the ankle joint, the largest errors due to error 
propagation and error accumulation are most likely to occur at the most proximal 
joint in the model, the hip joint (Menegaldo et al., 2006). Moreover, in the case of 
surgical planning static optimization cannot be applied, unless when considering 
statistical comparisons among pre and post-operated patients (Menegaldo et al., 
2006). 
The other class of optimal solutions is the forward dynamics assisted data tracking. 
These methods are based on activation dynamics of the muscles and simulation using 
forward dynamics. Instead of solving the inverse dynamics problem, an initial set of 
muscle activations is entered into a forward dynamics model of the musculoskeletal 
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system. The solution is compared against experimental data and the process is iterated 
by updating the muscle activations that best reproduce the kinematics and kinetics 
(Menegaldo et al., 2006). The resulting system of differential equations, together with 
the equations of muscle contraction and activation dynamics, constitute the dynamic 
constraints of an optimal control problem that usually minimizes a time-integral cost 
function (Anderson and Pandy, 2001(b); Menegaldo et al., 2003). 
The forward dynamics optimization is more advantageous than the inverse dynamics-
based static optimization as it directly includes muscle dynamics within the solution, 
considering the motor behaviour optimal in every instant of time, and not in the 
overall movement. Unlike the inverse dynamics model, kinematic data is incorporated 
within the forward dynamics model, allowing the muscle force estimation to be less 
sensitive to measurement errors in kinematic input. Regardless of the advantages, this 
technique requires heavy computational cost and the initial motion to start the 
optimization, restricting the application of dynamic optimization techniques to 
arbitrary motions (Menegaldo et al., 2006). 
In the study carried out by Anderson and Pandy (2001(b)), a comparative analysis 
between the two methods was presented and reported that static and dynamic 
optimizations are almost equivalent for human walking. 
Hybrid methodologies, which combine the inverse dynamics of the multi-body 
system with the optimal control algorithms and muscle dynamics to solve the force-
sharing optimization problem, have been recently proposed (Menegaldo et al., 2006). 
However, more study needs to be done to validate their reliability. 
Inverse and forward dynamic musculoskeletal models have been clinically used to 
investigate gait in humans (Piazza and Delp, 1996; Neptune et al., 2001; Arnold and 
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Delp, 2001(b); Thelen and Anderson, 2006) to estimate the load carried by soft 
tissues (Lloyd and Buchanan, 1996), to evaluate rehabilitation strategies (Neptune 
and Kautz, 2000) and to emulate the biomechanical consequences of surgeries 
performed in order to improve locomotor performance, including tendon lengthening 
(Delp and Zajac, 1992; Delp et al., 1995), tendon transfers (Delp et al., 1994(a)), 
osteotomies (Delp et al., 1990; Free and Delp, 1996; Schmidt et al., 1999) and joint 
replacements (Delp and Maloney, 1993; Delp et al., 1996; Jonkers et al., 2008). Later 
studies have also demonstrated how biomechanical factors and the configuration of 
muscle models influence hip loading and consequently bone remodelling (Duda et al., 
1998; Stolk et al., 2001; Bitsakos et al., 2005).  
Other studies have shown that the subject-specific anatomy of the hip determines the 
moment-generating capacity of the surrounding muscles and consequently affects hip 
joint loading (Delp et al., 1994(b); Heller et al., 2001; Lenaerts et al., 2008). In 
patients with hip pathology, hip geometry is often altered, compromising the 
physiologic hip loading during functional activities, such as walking (Delp et al., 
1994(b)). These studies have also investigated the effect of femoral neck length 
(Lenaerts et al., 2008), neck-shaft angle (Lenaerts et al., 2008) and anteversion angle 
(Heller et al., 2001) on muscle and hip contact forces. They showed that an increase 
either in neck length or in neck-shaft angle affected the activation of the muscle 
abductor group (gluteus medius, minimus and tensor fasciae latae). However, altered 
neck-shaft angle had only minor effect on the loading configuration at the hip, while 
an increase of the neck length generated an increase in hip contact loading in anterior-
posterior and medio-lateral directions and a decrease in the superior-inferior direction 
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(Lenaerts et al., 2008). Also a larger anteversion angle of 30° led to increased hip 
contact forces and proximal femoral bending moments (Heller et al., 2001). 
In cerebral palsy, musculoskeletal models have been used in conjunction with 
kinematic measurements for investigating the causes of crouch gait (Arnold et al., 
2005; Arnold et al., 2007; Hicks et al., 2008), excessive internal hip rotation (Arnold 
et al., 2000) and stiff knee gait (Goldberg et al., 2003; Goldberg et al., 2004; 
Goldberg et al., 2006; Reinbolt et al., 2008). While these musculoskeletal 
applications provide some insights into CP locomotion performance, no study has 
used inverse dynamics to determine muscle and hip joint contact forces in children 
for healthy and CP gait. 
Hypothesizing that different gait strategies result in different loading condition on 
bone, the purpose of this study was to describe the internal load state acting on the 
femur during gait in CP children. Knowledge of the mechanical environment in the 
femur provides a better understanding of the interaction between muscles and bones 
in general and supplies basic information for more physiological boundary conditions 
in numerical and experimental investigations that can eventually help in preventing 
bone deformities and in treatment planning in CP. 
 
5.1 Methods 
One healthy child and three spastic diplegic children with different gait abnormalities 
and bone morphologies were included in the study. The healthy child was a 6-year-
old subject (body weight: 20 kg). The first CP child, a 8-year-old subject (body 
weight: 20 kg), predominantly walked with a jump knee pattern (excessive knee 
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flexion at initial foot contact with the floor (Sutherland and Davids, 1993)). This child 
also had valgus alignment of the knee.  
The second CP child, an 11.5-year-old subject (body weight: 29.5 kg), principally 
walked with hip adduction and equinus. This child also had recurvatum at the knee 
(increased knee extension beyond neutral (Sutherland and Davids, 1993)), stiff knee 
gait (delayed and/or reduced peak knee flexion in swing (Sutherland and Davids, 
1993)), valgus at the knee and internal foot progression (in-toeing).   
The third CP child, a 10.5-year-old limited walker (body weight: 23.3 kg), 
predominantly walked with pelvic rotation and obliquity (due to a functional leg 
length discrepancy). This child also had persistent knee flexion during stance, stiff 
knee gait and valgus alignment of the knee. 
These three children were chosen as they represented different walking strategies and 
different severity of CP pathology and are presented in this study from the least to the 
most severe. 
The neck-shaft angle and the femoral anteversion angles of the subjects, reported in 
Table 5.1, were calculated from three-dimensional representations of the bones 
constructed from MR images and then projected respectively on the frontal and 
coronal plane. None of the subjects had undergone previous surgery, and all were 
able to ambulate without orthoses or other assistance for the trials. 
A 3D gait analysis, documenting ground reaction forces and kinematics (VICON, 
Oxford Metrics, Oxford, UK), was considered for each subject. A generic adult 
musculoskeletal model (SIMM, MusculoGraphics, Inc., Evanston, IL) including 86 
muscles (43 each leg) and seven segments (Delp et al., 1990) was isotropically scaled 
down based on the marker positions during a measured static pose, to best
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WEIGHT 
(Kg) 
FEMUR 
LENGTH (cm) 
NECK-
SHAFT 
ANTEVER-
SION 
HEALTHY 20 24.29 119.9° 33° 
CP-JUMP KNEE 20 25.71 109° 31.4° 
CP-HIP ADD+EQUINUS 23.3 31.91 110.3° 9.7° 
CP-HIP ROTAT+OBLIQ 29.5 33.57 136.2° 66.6° 
Table 5.1 Anthropometric and morphological characteristics of the children’s femurs considered in this 
study. The femur length is calculated from the center of the femoral head to the midpoint of the distal 
epicondyles. The neck-shaft and anteversion angle are in degrees and two-dimensional. The children 
are ordered from the least to the most severe condition of cerebral palsy. 
 
generating properties of the muscles (Lenaerts et al., 2008). The model had 16 
degrees of freedom (DOF). The pelvis was modelled as a rigid segment that was 
allowed to translate and rotate in three dimensions with respect to the ground. Each 
hip joint was defined as a ball-in-socket joint with three DOF (flexion-extension, 
abduction-adduction, rotation). For each knee joint, the planar static model described 
by Yamaguchi and Zajac (1989) with one DOF (flexion-extension) was used. Each 
ankle tibio-talar joint was defined as a single-axis joint and one DOF (plantar-
dorsiflexion). Major hip muscles included in the model were the M. gluteus maximus, 
medius and minimus, divided into anterior, medial and posterior parts, M. tensor 
fasciae latae, M. iliacus, M. psoas, M. quadratus femoris, M. gemelli, M. piriformis, 
M. adductor longus, brevis and magnus (anterior, medial and posterior parts), M. 
pectineus, M. gracilis, M. semimembranosis and M. semitendinosis, M. biceps 
femoris, M. sartorius and M. rectus femoris. The model had neck-shaft angle and 
anteversion angle respectively equal to 120° and 20°. 
In an inverse dynamics analysis (Figure 5.1), kinematics and ground reaction forces 
from the gait analysis were imposed on the model to estimate joint moments (SIMM, 
MusculoGraphics, Inc., Santa Rosa, CA). SIMM also automatically calculated 
maximal muscle force and muscle moment arms for each muscle over the entire gait 
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cycle on the base of previous studies (Brand et al., 1982; Delp et al., 1990). The 
muscle activation patterns of the 43 muscles for the right leg were computed over the 
gait cycle, using a static optimization algorithm, which minimized, at each time 
instance, the sum of the muscle activations added with a term accounting for the 
weighted difference between the joint moment and the sum of muscle moments 
(Lenaerts et al., 2008). The cost function is as follow: 
∑ ∑∑
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where Aj (ti) is the activation (a unit less number value which express the firing of the 
muscle) and Fmax,j (ti) is the maximal force-generating capacity of muscle j at time 
instant ti, taking into account the force–length relationship of the skeletal muscle. 
Maj,k (ti) is the moment arm of muscle j at time instant ti, for the kth (k=1–5) DOF. 
Mjoint,k(ti) represents the joint moment and W and wk are weight factors, with values 
respectively of 200 N-2m-2 and 1 for hip flexion-extension moment, hip ab-adduction 
moment, knee flexion-extension moment and ankle flexion-extension moment 
(Lenaerts et al., 2008). Because of the noise affecting the estimation of the hip 
internal-external rotation moment, the corresponding weight factor wk was set to 0.1 
(Lenaerts et al., 2008).  
The first of the inequality constraints (5.2) imposed on the model restricted muscle 
activation to be lower than 0.9, based on the assumption that during gait, maximal 
muscle activation is never required. The other two constraints, (5.3) and (5.4), 
imposed a physiological decrease and increase in muscle activation between two 
consecutive time points. ∆t and τ were respectively 0.017s and 0.1 s. 
9.0)(0 ≤≤ ij tA                    (5.2) 
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The muscle forces resulting from the calculated muscle activation patterns (maximal 
muscle force multiplied by their activation) and the external forces (including the 
ground reaction forces, inertial forces and gravity) were then imposed in a second 
inverse dynamics and the hip contact forces for the right femur were calculated in 
magnitude and direction (Figure 5.1).  
The objective function used in this study was previously used to calculate muscle and 
hip contact forces in adult hip prosthetic patients and results were validated against 
surface EMG data collected during a normal gait trial (Lenaerts et al., 2008). 
 
Figure 5.1 Biomechanical analysis: illustration of the workflow. (Adapted by Lenaerts, 2008) Step 1: 
A 3D gait analysis, documenting ground reaction forces and kinematics. Step 2: For each subject a 
musculoskeletal model was created by scaling a generic model based on marker positions measured 
during a static pose. In a first inverse dynamics, joint moments and resulting joint forces, muscle 
moment arms and muscle force generating capacity were calculated over the gait cycle. Step 3: The 
muscle forces were obtained through static optimization. Step 4: In a second inverse dynamics, muscle 
forces obtained through static optimization and external forces were imposed to calculate hip contact 
force over the gait cycle. 
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5.1.1 Influence of the femoral anteversion 
A deform tool was used at the proximal femur (SIMM, Musculographics) to 
incorporate variation of the anteversion angle. In this study the musculoskeletal 
model of the healthy child was modified in order to examine the effect on the hip 
joint contact forces of an increase of 10° in the femoral anteversion angle. Hip joint 
contact forces were calculated and compared with the original values. 
 
5.2 Results 
The results from the musculoskeletal model show that the hip contact forces in the 
healthy and CP children were always directed inferiorly and laterally (Figure 5.2(a)). 
The healthy child had a higher peak, directed posteriorly, and a larger range of hip 
forces in the x-direction (anterior-posterior) of the hip contact force compared to CP 
children. The hip contact force-x peak in the anterior direction was, in comparison to 
the healthy one, delayed in CP-jump knee child, early in CP-hip adduction and 
equinus child, and absent in CP-pelvic rotation and obliquity child. The hip contact 
force in the y-direction (superior-inferior) in the healthy child and CP-jump knee 
child only, had a double peak in stance phase, reflecting the double peak of the 
ground reaction force, typical of normal walking. The remaining two CP children had 
only one peak in stance, which was also in agreement with their ground reaction 
forces in the same direction. For the hip contact force in the z-direction (medio-
lateral), all the forces were pointing laterally with not much difference between them, 
except for the CP child with pelvic rotation and obliquity, who had increased lateral 
force compared to the other children. 
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The hip extensor muscles (glutei) in the healthy child presented a peak of the gluteus 
maximus and medius force values at 10% (Figure 5.2(a)). They then presented a 
second force peak during the swing phase. This was not observed in the CP children, 
who presented, in both gluteus maximus and medius, one force peak only in mid-
stance and small force values in swing phase. The peak of the gluteus maximus forces 
in stance for CP children was higher (about 60% body weight in the medial 
component) than in the healthy child (10% body weight). In gluteus minimus, the 
healthy child had two force peaks, at about 20% and 90% of the gait cycle, and CP 
children had small force values compared to healthy, with close to zero force in the 
swing phase (Figure 5.2(a)). 
In the adductor muscle group, the healthy child muscle forces were active in very late 
stance phase and during swing (Figure 5.2(a)). The CP-jump knee child had low 
values of adduction forces throughout the gait cycle. The same is true for CP-pelvic 
rotation and obliquity child who had a peak at very late swing/initial stance in the 
adductor brevis (Figure 5.2(a)). The CP-hip adduction and equinus child had instead 
high values of adductor activity in early stance and in swing phase, in the adductor 
longus and magnus anterioris (Figure 5.2(a)). 
The group of the hip flexor muscles (iliacus and psoas), in the healthy child presented 
high forces in late stance at about 45% of gait cycle (iliacus 60% body weight and 
psoas 35% body weight) and the iliacus a second peak at about 90% of the gait cycle 
(35% body weight) (Figure 5.2(b)). The CP-Jump knee child had hip flexor values 
comparable to the healthy ones. The same is true for CP-Pelvic rotation and obliquity 
child, who showed an increase in the iliacus force in swing. The CP-Hip adduction
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FEMUR MUSCLE AND HIP CONTACT FORCES - PART 1 
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Figure 5.2 (a) Hip joint contact, glutei and adductor muscle forces 
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FEMUR MUSCLE AND HIP CONTACT FORCES - PART2 
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Figure 5.2 (b) Hip extensor, hip rotator, hamstrings and quadriceps muscle forces 
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and equinus child had very high hip flexor muscle forces in stance: about 160% body 
weight (iliacus) and 120% body weight (psoas). 
The rotator group (quadratus femoris, gemelli, piriformis, tensor fascia latae) had 
small values (less than 10% body weight) for all the children, except for the CP-Hip 
adduction and equinus child where the values were about 80% body weight in stance 
(piriformis) and 22% in swing (quadratus femoris) (Figure 5.2(b)). 
The hamstrings (semimembranosus, semitendinosus and biceps femoris) force values 
presented a synergism with the glutei at 10% and 90% of the gait cycle for the healthy 
child (Figure 5.2(b)). In CP children this synergism was also evident but at a different 
percentage of the gait pattern. The CP-jump knee child had lower force values in 
stance and swing phase. The CP-hip adduction and equinus had very high forces 
values (the highest were 200% body weight in semimebranosus and 120% body 
weight in biceps femoris short head) and the peaks of the semitendinosus and 
semimebranosus were slightly moved to 25% of the gait cycle, while the biceps were 
at 10% of the gait cycle (Figure 5.2(b)). The CP-pelvic rotation and obliquity had 
instead the same force value of the healthy but the peaks were moved to about 40% of 
the body weight (Figure 5.2(b)). 
The sartorius muscle forces were very low (less than 1% body weigh) for all the 
children, except for the CP-hip adduction and equinus child, where the peak was 
about 35% body weight at about 25% of gait cycle (Figure 5.2(b)). 
The quadriceps (rectus and vasti) force values, for the healthy child, were high in 
early swing phase with peak values between 30% BW and 50% BW and very low in 
the rest of the gait cycle (Figure 5.2(b)). In CP-jump knee child, the rectus was 
slightly higher than healthy (45% BW instead of 35%) and the force was acting from 
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late stance to late swing. Also the vasti lateralis forces were acting in stance phase. In 
CP-hip adduction and obliquity child, the quadriceps forces were very low throughout 
the gait cycle. In CP-pelvic rotation and obliquity, the rectus had same peak force of 
the healthy one, but delayed at 90% of the gait cycle, while the vasti were high in the 
stance phase as for CP-jump knee (Figure 5.2(b)). 
 
5.2.1 Influence of the femoral anteversion 
An isolated increase in femoral anteversion angle from 20° to 30° increased the 
anterior-posterior components of the hip joint contact force thorough the entire gait. 
The superior-inferior component increased only at 10% of the gait cycle (peak hip 
contact) while the medio-lateral component slightly decreased (Figure 5.3). As a 
result, the magnitude of the total contact force increased with an increase in the 
femoral anteversion.  
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Figure 5.3 Hip joint contact forces when increased femoral anteversion is considered 
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5.3 Discussion 
A complete knowledge of hip joint contact and femur muscle forces is a requirement 
for accurately modelling the effect of altered gaits on the skeletal geometry during 
growth. Previous studies had not investigated hip joint and muscle forces in CP 
children. This study represents a first step towards estimating the data required for 
such modelling. 
This study only reports on the loading conditions during walking and computational 
forces in other activities of the daily living have not been investigated. When 
considering the musculoskeletal disorders in CP children, it is clear that walking is 
the major, if not the unique, daily activity for these children and the investigation of 
other activities such as stair climbing or running would not be suitable for some CP 
children with severe impairment (i.e. the child with hip rotation and obliquity). 
Femur muscle and hip contact forces were calculated considering generic femur 
geometry. The human anatomy was scaled isotropically to each patient to permit 
calculations based on individual musculoskeletal models. Important anatomical 
features such as pelvic width and femoral, tibia and foot length were approximated 
using the scaling technique presented here. A more thorough scaling technique, which 
could consider the subject-specific geometry, such as neck-shaft angle, bicondylar 
angle, femoral and tibial torsion, may improve the results, especially for CP children, 
as suggested by the results of the influence of femoral anteversion on hip contact 
forces and in agreement with previous studies (Heller et al., 2001). In this study, the 
use of a generic femur allowed the analysis of variations in loading conditions caused 
by different CP walking strategies (i.e. a healthy child walking with different CP gait 
patterns). 
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The optimization approach used in order to estimate muscle force was previously 
generated for healthy adult individuals and validated by using the respective EMG 
activation patterns (Lenaerts et al., 2008). The CP subjects of this study are children 
and certainly not healthy in the way their muscles are activated. Thus the dependency 
of the individual muscle forces on the objective function employed in the 
optimization calculation may incorrectly estimate muscle and hip contact forces. 
Other objective functions or dynamic optimization criterion might possibly better 
estimate muscle forces in CP children, however to date none have been proposed in 
the literature. Further studies need to be done in this direction. 
Because no other studies to the author’s knowledge have predicted muscle and hip 
contact forces in CP, it is not possible to compare the CP loading conditions with any 
other study. Also it was not possible to validate the results by comparing them to 
EMG or in-vivo data, representing another limitation of this study.  No EMG data 
was available for these children and no in-vivo study has previously been done in 
order to estimate contact forces in the CP population. The muscle and hip joint forces 
from the musculoskeletal model can only be compared to the healthy ones in order to 
understand the influence of the locomotor performance of these CP children on the 
loading conditions on bone. 
The results of hip loading for the healthy and CP children were consistent with the 
predicted loading conditions on a healthy adult (Bergmann et al., 2001). The hip 
contact force was directed mostly posterior and laterally on the head of the femur for 
all the children. In the y-direction, the healthy and CP-jump knee children showed the 
double peak curve as in their vertical ground reaction force. The other two CP 
children had a single peak in their ground reaction forces which was then confirmed 
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by the single peak in the vertical hip contact force. The first peak force in the y-
direction of the healthy child during walking was about 275% BW. This value was in 
agreement with previous studies (Hodge et al., 1986; Bergmann et al., 2001). In CP-
jump knee child, the first peak was smaller (about 200% BW). In CP children, the 
higher peak force in the y-direction was observed during slow walking, confirming 
previous observations detected in healthy adults (Bergmann et al., 2001). The high 
values for CP-pelvic rotation and obliquity child in the y- and z-directions were most 
probably a consequence of the high passive forces acting during gait. These passive 
forces were possibly due to the hyperextension of the hip muscles while walking with 
pelvic obliquity (Hurwitz et al., 2003), which was a consequence of the functional leg 
length discrepancy affecting this child. The left leg was more flexed than the right 
one, thus generating a pelvic obliquity during walking, and the trunk position, as a 
compensation of the obliquity, also contributed to increased hip contact force laterally 
and vertically. 
The three CP children considered in this study had different gait patterns, thus it is 
reasonable that the loading conditions of their muscles and hip joint were different 
between them and from the healthy child ones.   
In the healthy child, the hip flexion moment at 10% of the gait cycle was affected by 
the gluteus group. The high values of gluteus maximus in stance phase for CP-jump 
knee and CP-pelvic rotation and obliquity were most probably a consequence of their 
increased knee flexion during stance, which tended to flex their hip as well. The 
gluteus maximus was applying a greater force in order to extend the hip. In healthy 
walking, gravity accelerates the hip towards flexion in the first half of stance and 
collapse is avoided by hip extensor activity. The CP-jump knee and CP-pelvic 
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rotation and obliquity children had increased flexion at the knee which led to a 
flexion action at the hip and knee joints throughout stance, increasing the demands on 
muscles to avoid collapse. In the flexed position, the centre of mass of the body is 
lower, thus the work done by the muscles to elevate the centre of mass, by extending 
both hip and knee against gravity, is greater (Arnold et al., 2005; Hicks et al., 2008).  
In the healthy walking, the gluteus medius is also responsible for abducting the hip at 
the beginning of the stance phase. The delayed peaks of the gluteus medius muscles 
during stance in CP children probably did not produced hip abduction in early stance, 
thus the trunk had to displace laterally to compensate, producing a valgus moment at 
the knee. 
In the healthy child, the adductor muscle group adducted the leg during late stance 
and swing. In the CP-hip adduction and equinus child, the adduction moment at the 
hip throughout the whole gait cycle was most probably realized by the activity of the 
adductor muscle group. 
In the healthy child, the activity of iliopsoas muscle group, together with rectus 
femoris, created the initial flexor torque at the hip in swing. In CP-hip adduction and 
equinus child the high values of the iliopsoas muscle group maybe led to an increased 
anterior pelvic tilt and lumbar lordosis (unilateral shortening) in this child (Schünke 
et al., 2006). 
In the healthy child, the hip extensor moment at the end of the swing phase was 
created by the activities of gluteus maximus and the hamstring groups (Davy and 
Audu, 1987). This activity is necessary to bring the swinging limb to rest in 
preparation for heel strike. The knee extension at the end of the swing phase was 
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controlled by the activity of the hamstrings and the head of biceps which were 
working eccentrically to decelerate knee extension in preparation for heel strike. 
In CP children the peak value for the hamstring was maintained for longer than in the 
healthy child during stance, probably increasing the flexion of the knee. In these 
children the hamstrings were also working less during swing mostly because the 
deceleration of the swing limb knee was not required as it did not achieve the normal 
velocity of knee flexion. 
In the CP-hip adduction and equinus child, the high values of the semimembranosus, 
the semitendinosus and the sartorius muscle may also lead to internal rotation of the 
tibia and generate internal foot progression (in-toe) during stance. Furthermore, the 
high value of the biceps at foot initial contact would confirm the hyperextension at 
the knee. The biceps had to apply a higher force in order to keep the knee stable. 
In the healthy child, the quadriceps accelerated the trunk in the beginning of the 
stance while decelerated the knee flexion by acting eccentrically in the beginning of 
the stance (Zajac et al., 2003). In CP-Jump knee and CP-pelvic rotation and obliquity 
children the high vasti force values during stance was probably necessary to stabilize 
the flexed knee and avoid collapse. 
In healthy subjects, the rectus femoris is a significant contributor in late stance as it 
acts to accelerate into extension both the knee and the hip. The activity of the rectus 
generally increases when the knee flexes too fast (Zajac et al., 2003), as in CP-jump 
knee child, and decreases or delays when the knee flexes too slowly (Zajac et al., 
2003), as in the other two CP children. The pre-swing rectus femoris activity has been 
shown to be an important biomechanical factor contributing to diminished knee 
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flexion in subject with stiff knee gait where the velocity at toe-off is below normal 
knee flexion (Goldberg et al., 2003).  
The large deviations in the pattern and magnitude of the muscle and hip contact 
forces confirm variations in subjects performance of walking, validating the 
hypothesis that different gait patterns result in different loading conditions on bone. 
The results from this study are intended to enhance the understanding of the muscle 
coordination mechanisms responsible for gait abnormalities in CP children and 
represent a first report of the complete three-dimensional femur muscles and hip 
contact forces in spastic children. 
 
5.4 Conclusions 
This study represented a first step in estimating the loading of the proximal femur 
during walking in three CP children with different walking strategies. The different 
gait characteristics were reflected by dissimilar patterns and magnitudes of the muscle 
and hip joint loadings. Moreover, change in bone morphology influenced the hip joint 
loadings. For the first time the complete three-dimensional CP children 
musculoskeletal loadings have been estimated. These results constitute the loading 
conditions for bone growth analysis in the next chapter, which opens up the prospect 
of investigating the effect of gait patterns on the morphology of the lower limb in CP.
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6. Mechanobiological prediction of femur growth 
Long bones, such as the femur, grow in length through the process of endochondral 
ossification. In the femur, growth takes place at the epiphyseal growth plates (Figure 
6.1(a) by a finely balanced sequence of cartilage cellular proliferation (rapid 
reproduction), hypertrophy (enlargement mainly in the longitudinal direction), 
calcification (formation of the matrix mineralization in the surrounding) and 
ossification (well-vascularized bone formation). These four distinct zones of cellular 
differentiation can be seen in the region next to the growth front (Figure 6.1(b)). 
Endochondral ossification is influenced by biological factors, such as genes, 
hormones and nutrients, and mechanical factors, such as joint contact and muscle 
forces, which impose stresses and strains on the developing bone. These mechanical 
influences on the growth of the bone represent the core of this research. 
(a)        (b)           
Figure 6.1 (a) Location of the growth plates at both ends of the bone (Sullivan and Anderson, 2000). 
(b) Part of a longitudinal section of the developing femur of a rabbit. a. Flattened cartilage cells. b. 
Enlarged cartilage cells (hypertrophy). c. Calcification. d. Newly formed bone. e. Osteoblasts.  f. 
Osteoclasts. g, h. Shrunken cartilage cells (Klein and Noble Smith, 1880). 
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Mechanobiology is the regulation of biological processes by mechanical factors. 
Previous studies have suggested that cyclic or intermittent loading influences the local 
growth and ossification rate during endochondral ossification as the growth front 
progresses and the cartilage mineralizes in bone (Carter et al., 1987(a)). The stress 
state in the tissue can be expressed by the scalar stress invariants: octahedral shear 
stress (deviatoric stress) and hydrostatic stress (dilatational stress). The stress 
invariants are independent of the coordinate system and therefore useful in describing 
stresses resulting from multiaxial loading conditions. In particular, it has been 
proposed that endochondral growth and ossification is inhibited by cyclic or 
intermittent hydrostatic compressive stress and accelerated by cyclic or intermittent 
octahedral shear stress (Carter et al., 1987(a)). The specific-growth rate has been 
proposed as the sum of a biological component, bε& , and a mechanical component, mε& : 
mb εεε &&& +=       (6.1) 
The biological growth rate represents the growth that occurs due to intrinsic genetic 
and hormonal regulation. Experimental studies have shown that bones grow between 
50% and 80% normal size without mechanical loading (Hall and Herring, 1990; 
Germiller and Goldstein, 1997). The mechanical component mε&  can be determined by 
the osteogenic index, which is defined by the peak cyclic compressive hydrostatic 
stress ( Hσ ) and the peak cyclic octahedral shear stress ( Sσ ) throughout the load 
history (Stevens et al., 1999), as 
HSm MinbMaxaOI σσε ⋅+⋅==&                 (6.2) 
with a and b constants for each case of the load history. 
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Octahedral shear stress, Sσ , is always positive and promotes growth and ossification. 
Compressive hydrostatic stress, Hσ , is always negative and inhibits growth and 
ossification. Thus, high values of the osteogenic index stimulate growth and 
ossification. 
The constants a and b determine the relative influence of the octahedral shear and 
hydrostatic stress on the specific growth rate. Previous studies have shown that in 
order to predict accurate endochondral ossification patterns the ratio b/a must be 
between 0.3 and 1 (Carter and Wong, 1988; Wong and Carter, 1990). In this study, a 
ratio b/a of 0.5 was used to be consistent with previous studies (Wong and Carter, 
1990; Stevens et al., 1999; Shefelbine et al., 2002(b); Shefelbine and Carter, 2004(a); 
2004(b)). 
Supporting evidence for this mechanobiology theory on the cells in vivo is not known 
and difficult to investigate. However, it has been shown the effect of the hydrostatic 
pressure on stem cells in vitro (Miyanishi et al., 2006(a); 2006(b)) while this 
mechanobiological theory has been used to explain and predict the ossification 
patterns of long bones (Carter et al., 1987(a); Wong and Carter, 1990) and the sternum 
(Wong and Carter, 1988), the formation of the secondary ossification centres (Carter 
and Wong, 1988), the joint morphology (Heegaard et al., 1999), the articular cartilage 
thickness (Carter et al., 1987(b); Carter and Wong, 1988; Stevens et al., 1999), and 
the location of osteoarthritis (Carter et al., 1987(b)). Shefelbine et al. (Shefelbine et 
al., 2002(b); Shefelbine and Carter, 2004(a); 2004(b)) used mechanobiological 
principles to predict progression and shape of the growth front in children during 
growth. In particular, they predicted anteversion in cerebral palsy as a result of altered 
loading (Shefelbine and Carter, 2004(b)). This model used generic geometry, inferred 
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the loading conditions from static positions, used unit loads, and examined only a 
single time step. In spite of these assumptions and simplifications, the results 
indicated that abnormal loading on the bone may be a predictor of bone deformity. 
The purpose of this research was to develop an iterative model of the progression of 
the growth front in the proximal femur in CP that defines shape and in particular the 
changes in anteversion and neck-shaft angle. By determining the loading conditions 
due to different gait patterns and the resulting stresses in the growth plate of the 
proximal femur, this study simulated the growth of the proximal femur in CP children, 
implementing the mechanobiological principles in a finite element model over time. 
Understanding the mechanism by which bone deformities develop may help clinicians 
correct the deformity before it affects function and help in developing treatment 
regimes to maintain the proper mechanical environment on the growing bone. 
 
6.1 Development of the finite element model 
For this study the growth of the proximal femur of one healthy child and three spastic 
diplegic children, was simulated. To determine the effects of stresses during gait on 
growth of the proximal femur, a three-dimensional finite element model representing 
the proximal femoral geometry (Duda et al., 1997; 1998; Polgar et al., 2003) was 
generated based on the femoral geometry used in the musculoskeletal model 
(Rhinoceros, McNeek, Barcelona, Spain; Truegrid, XYZ Scientific Application, Inc., 
Livermore, CA). The model, which was an isotropically scaled version of an adult 
femur, had femoral anteversion equal to 20° and neck-shaft angle equal to 120°. The 
model consisted of approximately 10,500 hexahedral elements and was finer in the 
growth plate region than at the proximal or distal ends of the model (Figure 6.2). 
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Simplified material properties were used for the model. Since it is not known whether 
material properties differ in CP tissue, material properties from the literature for 
normal tissue were used thorough the whole study. All the materials were assumed to 
be homogeneous, isotropic and linear elastic. The detailed description of the material 
properties used in this study are reported and discussed in Sections 6.1.1 and 6.1.2. 
Subject-specific* hip joint contact forces and muscle forces determined from 
musculoskeletal modelling of normal and spastic gait (Chapter 5), defined the finite 
element model loading conditions. In the finite element model, one gait cycle was 
represented by four load cases. These instances corresponded to 10%, 30%, 45% and 
70% of gait cycle (Figure 6.3). The chosen percentages of gait cycle represent, 
respectively, the instances in normal gait of maximal muscle activity, the first and 
second peak in ground reaction forces and the initial swing phase. These have been 
                                                 
*
 ‘Subject-specific’ refers to the gait patterns. The models are not truly subject specific as both the 
musculoskeletal and finite element models use geometry of scaled-down adults 
ANTERIOR VIEW POSTERIOR VIEW 
 
 
Figure 6.2 Proximal femur mesh: anterior (left) and posterior (right) view 
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Figure 6.3 Example of the four instances of gait cycle considered to simulate variations that might 
occur in a loading cycle during walking for the vertical hip contact force (adapted (Vankoski and Dias, 
1999)). 
 
used previously to represent a gait cycle (Duda et al., 1998). All the muscles loads 
were applied as concentrated forces at the nodes located in the vicinity of their 
attachment area centroid (Duda et al., 1997; Polgar et al., 2003). Location, direction 
and magnitude of the muscle forces were the results given from the musculoskeletal 
model (Chapter 5). The hip joint contact loads, calculated from the second inverse 
dynamics in the SIMM model solution (Chapter 5), were spread over nodes around 
the point of application of the resultant. The areas of applied hip joint contact forces 
were firstly considered on the adult model of the femur in order to agree with contact
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Figure 6.4 Muscles forces and hip joint contact forces imposed on the FE model. The muscles 
considered in this study were gluteus maximus, medius and minimus (divided into anterior, medial and 
posterior), adductor brevis, adductor magnus anterior, pectineus, iliacus, psoas, quadratus femoris, 
gemellus, and piriformis. All the muscle loads were applied as concentrated point loads on the femur 
nodes (Duda et al., 1997; Polgar et al., 2003). The hip joint contact loads were spread over the nodes 
closer to the point of application of their resultant. The model was fixed at the distal end (Polgar et al., 
2003). 
 
surface areas previously reported for adult (Genda et al., 2001). All nodes at the distal 
end of the femur were fixed in all directions (Figure 6.4).  
Femur model was validated by comparing the femoral head displacement of the 
healthy child femur, when the load case at 10% of the gait cycle was applied, with the 
displacement values reported in the literature (Polgar et al., 2003). 
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Before proceeding with the simulation of growth, the effects of different loading 
conditions, material properties, scaled geometry, load normalization, and growth 
directions were investigated in order to have the most accurate prediction of growth. 
 
6.1.1 Effects of loading conditions 
The FE models of the proximal femur were scaled down according to each child’s 
body weight. Simplified bone material properties were applied. The shaft of the distal 
femur in the model was modelled with cortical bone with a modulus of elasticity of 
20 GPa and a Poisson’s ratio of 0.3 (Herrera et al., 2007). The marrow cavity was 
modelled with a modulus of elasticity of 1 MPa and a Poisson’s ratio of 0.3 (Herrera 
et al., 2007). The whole neck and the region of the greater trochanter were modelled 
as trabecular bone with a modulus of elasticity of 600 MPa and a Poisson’s ratio of 
0.3 (Carter and Hayes, 1977) (Figure 6.5). The cortical bone was not modelled in the 
neck area but only in the shaft as previous studies verified that the cortical bone 
beneath the transition zone of a growing bone has little effect on the stresses in the 
growth region (Shefelbine, 2002(a)). All the materials were assumed to be 
homogeneous, isotropic and linear elastic. In this first analysis the growth plate was 
not considered. 
FE analysis was performed for the four children at four instances of the gait cycle 
(10%, 30%, 45% and 70% of gait cycle), applying muscle and hip joint loads 
obtained from the musculoskeletal model (Figure 6.4).  
Because growth plate region was not introduced yet, to study the effect of the loading 
conditions on bone, maximum principal stress distributions were compared in the
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 E (MPa) ν 
Cortical bone 20 x 103 0.3 
Trabecular bone 600 0.3 
  
Marrow cavity 1 0.3 
Figure 6.5 Material properties considering only bone for the three dimensional finite element model 
of the proximal femur. 
 
bone under 1) only the hip joint contact forces, 2) only the muscles forces, 3) both hip 
joint contact forces and muscles forces. 
Figures 6.6, 6.7 and 6.8 show the maximum principal stress distributions in a mid-
coronal slice through the femur for the four children at the four instances of gait cycle 
for each of the loading conditions applied. The results of this study showed that 
muscle forces had a relatively small influence on the stress distributions in the region 
of the growth plate compared to the hip joint contact forces (compare Figures 6.6 and 
6.8). Although the influence of the muscle forces on the stress distributions on the 
growth region was small, they were nonetheless considered with the hip contact 
forces in further analysis. 
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Figure 6.6 Maximum stress distribution on the proximal femur when only femoral head loading conditions are considered 
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Figure 6.7 Maximum stress distribution on the proximal femur when only muscle loading conditions are considered 
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Figure 6.8 Maximum stress distribution on the proximal femur when femoral head and muscle loading conditions are considered 
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6.1.2 Effects of material properties 
Once the effects of the muscle and hip joint loads were determined, the growth region 
was modelled. To simplify the analysis, only the cartilage growth occurred at the 
primary growth plate was considered (Figure 6.9). Sixteen rows of elements 
composed the growth region (approximately 1.5-2 mm), representing the cartilage (E 
= 5 MPa, ν = 0.49) (Shefelbine, 2002(a)) at the growth plate. The elements above and 
below the growth front were modelled as trabecular bone (E = 600 MPa, ν = 0.3). The 
shaft of the distal femur was modelled as cortical bone (E = 20 GPa, ν = 0.3), and the 
marrow cavity with E = 1 MPa, ν = 0.3. All materials in the model were approximated 
to be linear elastic, isotropic, and homogeneous. 
During endochondral ossification the cartilage of the growth plate is gradually 
replaced by bone. In this transformation, growth plate matrix structure and bone 
 
Figure 6.9 Growth region of the proximal femur model composed by 16 layers of elements. 
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trabecular structure are closely combined (Byers et al., 2000). During chondrocytes 
hypertrophy, the extracellular matrix starts to mineralize forming rigid struts, or septa, 
of calcified collagen. Then, the primary spongiosa forms by rapidly mineralized 
osteoid that laid down on the surface of calcified cartilage (Stump, 1925). The 
amount of bony material formed is a function of the distance from the growth plate 
(Kimmel and Jee, 1980). Next to the hypertrophic chondrocytes, the majority of hard 
tissue is calcified cartilage matrix. More distally from the growth front and towards to 
the shaft, most of calcified cartilage is ossified in bone. The primary spongiosa is 
eventually remodelled to become lamellar bone or secondary spongiosa. Calcified 
cartilage and primary spongiosa have material properties between those of cartilage 
and bone (Lee et al., 1998). Moreover, size and stiffness of the transition zone are 
dependent on the growth rate. A slowly growing bone has time to fully mineralize, 
resulting in a small transition zone and a relatively stiff material below the growth 
front. However, in a rapidly growing bone, such as the femur in children, the 
ossification process cannot keep up with the growth, resulting in a large zone of 
weaker calcified cartilage behind the growth front (Kimmel and Jee, 1980). 
In this study, the gradual replacement of cartilage by well-calcified bone has been 
modelled by using a transition zone between the growth plate and the trabecular bone, 
on either side of the growth region. In the transition zone, the elastic modulus 
increased and Poisson’s ratio decreased from cartilage to newly mineralized bone, 
modelling the region of primary spongiosa directly behind the growth front in a 
growing bone. A sensitivity study was conducted in order to examine the influence of 
the material properties and size of the transition zone on the stress distribution of the 
growth region for the healthy model at 10% of the gait cycle.  
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In this thesis, only the three most representative compliance conditions examined are 
presented. They consisted in (1) a rigid interface with elements having material 
properties of cortical bone (E = 600, ν = 0.3); (2) a compliant interface of 11 rows of 
elements (about 10 mm), in which one material (E = 100, ν = 0.3) was modelled; (3) a 
transition zone with 11 material properties, one for each row of elements, with elastic 
modulus increasing and Poisson ratio decreasing from cartilage to trabecular bone 
(Figure 6.11). In agreement with previous studies (Kimmel and Jee, 1980), the 
materials next to the growth plate had low stiffness, while the materials next to the 
bone had higher stiffness. The material properties of the transition zone were chosen 
to minimize stress concentrations at the cartilage interface. The last two cases 
presented had large size transition zone to represent the relatively fast femoral growth 
rate of pre-pubertal children. 
The results of this study confirmed that material properties at the chondro-osseous 
interface affect the stress profile in the growth region (Figure 6.10) (Wong and 
Carter, 1990; Carter and Beaupre, 1999; Tanck et al., 1999; Shefelbine, 2002(a)).  
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Figure 6.10 Maximum stress distribution on the proximal femur for the healthy model at 10% of gait 
cycle when (a) no transition zone was considered, (b) one material and (c) eleven materials were 
modelled as transition zone (T) 
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 E (MPa) ν 
Growth plate 5 0.49 
Cortical bone 20 x 103 0.3 
Trabecular bone 600 0.3 
Marrow cavity 1 0.3 
 
Transition zone 5 - 600 0.3 
Figure 6.11 Material properties for the three dimensional finite element model of the proximal 
femur. 
 
With no transition zone, principal stress distribution resulted in high concentrations at 
the interface between trabecular bone and cartilage (Figure 6.10(a)). The compliant 
cartilage-bone interface modelled with a single material still showed the presence of 
stress concentrations at the interface with the growth plate and bone (Figure 6.10(b)). 
When 11 different materials were considered to model the transition zone, stresses 
(Figure 6.10(c)) were more evenly distributed and stress concentrations decreased 
across the growth region. This model was then used to calculate the hydrostatic and 
octahedral stresses necessary for calculating the osteogenic index. 
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6.1.3 Effects of scaled geometry and normalized loads 
The osteogenic index distributions in the growth plate of the four children were 
calculated as the maximum octahedral and minimum hydrostatic compressive stress 
over the four loading conditions representing a gait cycle. Because the children’s 
weights were different and the geometry of the femur was scaled to the leg length of 
each child, the respective osteogenic index distributions given by the subject-specific 
loadings could only be compared in patterns but not in magnitude (as magnitude of 
stresses depends on model size and magnitude loads applied). In order to make the 
osteogenic index distributions comparable in magnitude, the muscle and hip contact 
forces were normalized by the body weight and only one size model was used (that of 
the healthy child). The aim of this study was indeed to compare the osteogenic index 
distributions and the bone growth resulting from different walking strategies on the 
same child model. 
The effects of the size model and load normalization on the osteogenic index 
distribution were investigated by comparing them to the osteogenic distribution given 
by subject specific loading conditions on subject scaled geometry. The results from 
this analysis, reported in Figure 6.12, showed no change in the osteogenic index 
distribution for the healthy child, as the geometry and loads were the same (after 
magnification). The normalised osteogenic index distributions for the CP-jump knee 
child were similar to the one obtained using subject specific loads as the weight of the 
child was the same of the healthy child and the bone was only slightly longer (Table 
5.1). Also the results for the CP-hip adduction and equinus child are comparable: this 
CP child weighed more than the healthy child and the bone was longer than the 
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Figure 6.12 Osteogenic index distributions on the growth plate with subject loads and scaled 
geometry (left) and normalised loads and standard geometry magnified 200 times (right) for 
comparison purpose 
6. Simulation of femoral bone growth 
 
 
 
 130
healthy child one (Table 5.1). Once normalised the stress distribution and the 
osteogenic index were similar. The osteogenic distribution of normalised loads and 
‘healthy’ sized geometry for the CP child with pelvic rotation and obliquity were 
slightly larger compared to the original one as this child weighted almost the same as 
the healthy child but had much longer leg length (Table 5.1). Therefore with 
normalization the load remained the same, but the area decreased resulting in greater 
stresses.  
The femur models with the load normalization and standard geometry were used for 
further analysis as they allowed comparison of the proximal femur growth in a 
healthy child walking with different walking strategies, without accounting for any 
leg length and weight discrepancies between the different children. 
 
6.1.4 Effects of growth direction 
Previous studies suggested that the growth direction of the elements can be 
determined assuming that deformations of the cartilage may occur in cyclic loading, 
particularly if the load is asymmetric and the cartilage deformation is biased in a 
particular direction (Shefelbine, 2002(a)). In this study, the average of the 
deformations from the four load cases was considered as the direction of growth 
(Shefelbine, 2002(a)). Because the cartilage is less stiff than bone, most of the 
deformation in the neck is in the growth plate cartilage. The average direction of 
growth was determined by the direction of the vector connecting the centre of the 
ellipse fitting the neck surface and the femoral head center in the average deformation 
configuration. The direction of growth is sensitive to where the ellipse is fitted along 
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the neck. In this study, the effect of the ellipse placement was investigated in order to 
establish the most representative direction of growth (Figure 6.13). 
Figure 6.13(b) and (c) reports the two directions of deformities when the neck section 
was taken just after the growth plate and in a well mineralized bone area, respectively 
at the third and the ninth rows of elements in the transition area. Results showed that 
the direction taken by considering the neck section in the area near the growth region 
(red line) exaggerated the direction of the growth compared to when the growth 
direction was determined from a more distal section (yellow line). However, the 
directions were comparable. 
In this study, the direction of the growth given by the more distal section was 
considered for further analysis. The average deformations over the gait cycle for the 
four children considered in this study are reported in Figure 6.14. 
 
 
 
(a) (b) (c) 
Figure 6.13 Directions of growth when a neck section adjacent to the growth plate (red line) and one 
section more distal to the growth plate (yellow line) are considered. The actual displacement has been 
magnified 100 times in order to highlight differences in growth directions in these figures. 
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Figure 6.14 Average deformations (scale 100:1) with subject loads and geometry (left) and with 
normalised loads and standard geometry (right). In grey is the underformed model and in green is the 
deformed one. 
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6.2 Simulation of the growth 
The final FE model for the simulation of the femur growth considered both muscle 
and hip contact forces. To make the results comparable, the muscle and the hip 
contact forces at the four instances of gait cycle were normalised, as a percentage of 
the body weight and applied on the same scaled geometry, that of the healthy child. 
This means the model simulates how a healthy bone would grow if the child were to 
walk as if affected by CP. 
The stresses in the growth region elements determined how the growth front 
progressed, while the deformations of the neck determined the direction of growth. 
The elements were then grown only in the direction of growth. During endochondral 
ossification cells enlarge more in the longitudinal direction than in the radial 
direction. Therefore the expansion was constrained to only one direction. The 
orthonormal thermal expansion capabilities of the finite element solver were utilized 
with expansion coefficients of 1 in the direction of growth and 0 in the two remaining 
directions and the specific-growth rate was considered to be the ‘temperature’ or 
impetus for expansion. Growth was thereby allowed only in one direction within each 
element in the growth region. 
Growth was simulated over 16 iterations, corresponding to the number of rows of 
elements in the growth region. The specific-growth rate and growth direction were 
determined for each element in the growth region for each cycle. For each iteration, 
one row of elements in the growth plate ‘grew’ in the direction of growth by an 
amount determined by the sum of the osteogenic index and a constant biological 
growth rate. Previous studies on the growth rate, conducted on 224 children (123 
boys and 121 girls) from age 7 to skeletal maturity (Pritchett, 1992), found that the 
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growth rate ε&  in the proximal femur is about 90 mm/year (~0.25 mm/day). In this 
study, in order to produce a reasonable and visible growth, the osteogenic index was 
first calculated by using 02.0=a  days-1MPa-1, 01.0=b  days-1MPa-1. The biological 
growth was then considered as twice the maximum value of the mechanical growth 
and set equal to 0.36 mm/step. The growth for each iteration was calculated and 
accounted for more than nine days. The growth simulated over the 16 iterations 
represented about five months of growth. 
At the end of each iteration, the material properties were updated, simulating gradual 
ossification. In this process the grown row of elements turned from cartilage to the 
first material belonging to the transition zone. The entire transition zone therefore 
translated one row proximally along the neck, whilst the remaining row converted 
into trabecular bone. 
All pre- and postprocessing was completed with Fortran (8.1, Intel, USA) and Matlab 
(7.1, MathWorks, MA). Finite element solutions were linear elastic and obtained 
from ABAQUS (6.6, Simulia, UK). The algorithm for the implementation of growth 
in the finite element model is illustrated in Figure 6.15. 
 
6.3 Results 
Stress contours for the minimum hydrostatic stress and maximum octahedral shear 
stress in the growth region for the four children are reported in Figure 6.16. This 
figure also shows the respective osteogenic index (the same reported in Figure 6.12, 
second column). Under healthy loading conditions (first row), there is hydrostatic 
tension on the lateral-anterior portion of the growth region and high octahedral shear 
in the posterior and central regions. The osteogenic index was higher in the lateral 
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Figure 6.15 Flowchart for the implementation of growth finite element models. In light blue are 
reported the Fortran processing. N, the number of iterations, is equal to 16. The code is reported in the 
Appendix 
 
and posterior region. With CP loading conditions, the hydrostatic tension on the 
lateral-anterior side tended to move posteriorly as the severity of the CP condition 
increased. Lower octahedral shear stress on the lateral and posterior side was 
detected, especially in the child with hip adduction and obliquity, when compared to 
the healthy one. Though the overall pattern of the osteogenic index in CP children 
was similar to the healthy loading condition, growth was promoted less all over, 
especially on the anterior side of the growth region, where growth was inhibited in 
the CP child with pelvic rotation and obliquity. Figure 6.14 shows the average 
deformation for each child over the four load cases, corresponding to the direction of 
growth. 
From the calculated growth rates and directions, the growth front progressed about 
3.5 mm over the five month time step. The growth trajectory is presented in Figures
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Figure 6.16 Stress invariant distributions and osteogenic index distribution on the growth plate 
6. Simulation of femoral bone growth 
 
 
 
 137 
6.17 and 6.18. Under healthy loading conditions, the growth front grew less on the 
medial side than on the lateral side, decreasing the neck-shaft angle by approximately 
2.4°.  Moreover, the growth front grew less on the posterior side than on the anterior 
side, displacing the femoral head anteriorly and increasing the anteversion angle by 
1°. With CP loading conditions, the neck-shaft angle also decreased (the lateral area 
of the growth plate grew more than the medial), but less than the healthy child. The 
anteversion angle increased, more than the healthy child (there is more growth 
posteriorly than anteriorly compared to healthy and the direction of growth is more 
anterior). Deviations of neck-shaft and anteversion angle for CP growth relative to 
healthy values are reported in Table 6.1, and growth after 5 months (16 iterations) in 
Figure 6.19. 
 
Figure 6.17 Growth trajectory of the two-dimensional femoral neck-shaft angle. In black is illustrated 
the original configuration. 
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 FEMORAL 
ANTEVERSION  
NECK-SHAFT 
ANGLE 
CP-JUMP KNEE 0.43° 0.51° 
CP-HIP ADD+EQUINUS 0.75° 1.55° 
CP-HIP ROTAT+OBLIQ 1.69° 1.30° 
Table 6.1 Angle change in the femoral anteversion and neck-shaft between CP children and the 
healthy child.  
 
Figure 6.18 Growth trajectory of the two-dimensional femoral anteversion angle. In black is illustrated 
the original configuration. 
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Figure 6.19 Proximal femur bone growth in healthy and CP children. In grey is the original model and 
in green is the grown one. The yellow circle highlights the different femoral anteversion predictions in 
the four models. The regions A to D indicate the least to the most femoral anteversion formation. The 
red circle highlights the different neck-shaft angle predictions in the four models. The regions A to D 
indicate the least to the most neck-shaft angle formation. 
 
 
6. Simulation of femoral bone growth 
 
 
 
 140 
6.4 Discussion  
The model developed in this study predicted the progression of the growth front over 
a five month time period, with an increase in neck shaft angle and femoral 
anteversion angle for CP loading conditions compared to the healthy one. 
This model is sensitive to both the load magnitude and load direction because the 
magnitude influences growth rate and the amount of deformation while the load 
direction affects the direction of deformation, and therefore the direction of growth.  
In this study, the growth direction was estimated by the average deformation of the 
cartilage over the four load cases. Previous studies suggested that the deformation of 
the cartilage under static loads may influence the growth direction. During their 
experiments, Arkin and Katz (Arkin and Katz, 1956) used casts to maintain the 
posterior tibias of immature rabbits in valgus position for 6 weeks during growth. 
They found that the medial side of the proximal tibia grew faster than the lateral side, 
resulting in tibia valga. Therefore the abnormal loading conditions imposed by the 
casts altered the direction of growth and resulted in bone deformities. They also 
conducted histological analysis of the tibial growth plate under shear loads and 
showed that the columns of chondrocytes were oriented in the direction of the 
deformation. Therefore, if the cartilage of the growth plate undergoes deformation 
during growth, the cartilage grows in the direction of the deformation. In the current 
model, the direction of growth of the cartilage in the growth region was estimated by 
the average deformation over a gait cycle and determined the version of the femoral 
head. 
Smaller magnitude loads would produce less deformation of the cartilage in the 
growth region, and therefore less version and bending of the proximal femur during 
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growth. In addition, loads with a smaller anterior-posterior component would produce 
less posterior rotation, thus more anteversion. Similarly, loads with smaller superior-
inferior component would produce less downward bending, increasing the neck-shaft 
angle. Viewing the average of deformities in Figure 6.14, it is evident that the 
different loading conditions in healthy and CP children significantly affected the 
direction of growth. Compared to healthy loadings, in CP the resultant hip joint 
contact loads had a smaller superior-inferior component, which caused less bending 
of the neck, increasing the neck-shaft angle, and a smaller anterior-posterior hip joint 
component, which displaced the head less posteriorly, resulting in a larger 
anteversion. 
In this study, the hip joint contact and muscle forces were estimated mathematically 
by a musculoskeletal model with its inherent assumptions and simplifications. The 
model developed here simulated how different walking patterns influence the growth 
of a ‘standard’ femur. The results should be viewed as a comparison between CP 
growths relative to healthy growth and not as a prediction of the growth of each 
specific child. The main assumption made regards the shape of the femur model used 
in the musculoskeletal modelling study (Chapter 5). This femur model was generated 
by isotropically scaling a healthy adult femur model which had 120° neck-shaft angle 
and 20° anteversion angle. These angular values are accurate for a healthy adult, but 
quite small for a healthy child of six years old, where neck-shaft angle is about 130° 
and anteversion 30° (Isaac et al., 1997; Schneider et al., 1997; Bobroff et al., 1999; 
Jenkins et al., 2003; Tamari et al., 2005). The angular values define the initial 
geometry are important factors in determining the magnitude and direction of hip 
joint and muscle forces in the musculoskeletal model and consequently the direction 
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and amount of bone growth induced by the average of deformation and the amount of 
growth due to the distribution of the stress invariants and the osteogenic index in the 
finite element model. Previous work has shown that an altered neck-shaft angle has 
only a minor effect on the loading configuration at the hip in healthy adults with hip 
prosthesis (Lenaerts et al., 2008). According to this, in a healthy model with higher 
neck-shaft angle, the healthy gait characteristics would not significantly change the 
hip loading conditions and therefore the predicted growth. 
The anteversion angle also probably alters the predicted hip joint loads. Heller et al. 
(2001) indicated that increased femoral anteversion resulted in increased hip contact 
forces. Also, the results from the study described in the Chapter 5 showed that an 
increase in femoral anteversion caused an increase in the anterior-posterior 
component through the entire gait cycle and in the superior-inferior component at 
10% of the gait cycle. Therefore, in a healthy model with higher anteversion, the 
healthy gait characteristics would generate a more posterior load which would 
decrease the femoral anteversion. 
The conditions for increased neck-shaft angle and anteversion angle are valid only for 
healthy children and most probably different conditions would occur in CP children. 
Indeed, the results from the correlation between gait characteristics and bone 
morphology (Chapter 3) indicated that neck-shaft angle and femoral anteversion 
correlates with different gait characteristics in CP and healthy children, therefore with 
different walking strategies. Further studies need to be undertaken to address the 
effect of femoral morphology on hip joint contact forces in children with CP. 
The model here developed regarded only the proximal femur and the proximal growth 
plate. It could be possible that considering an entire femur and both epiphysical 
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growth plates, a different prediction of the bone growth may be obtained. A possible 
different growth of the distal femur between CP and healthy children could influence 
the anteversion angle. 
In this study, the model predicted an increase in femoral anteversion for CP loading 
conditions when compared with healthy. Moreover, this increase was proportional to 
the severity of the pathology. Therefore, despite its limitations, this study’s results 
approximate well the prediction of higher femoral anteversion angle and neck-shaft 
angle in CP children than in healthy children and their tendency to increase with the 
severity of the pathology. Future developments could allow for more accurate 
modelling of the subjects specific geometry of CP children. 
The mechanobiological model is also sensitive to the relative influence of biological 
and mechanical factors. In the model developed here, it was assumed that bε&  was 
always more than twice that of mε& , as previous studied showed that most of the bone 
growth during endochondral ossification is due to biological factors. The mechanical 
factors are likely to play a bigger role early in development and have a smaller 
influence on bone shape closer to skeletal maturity. The specific-growth rate in the 
model here presented was a simple sum of these two factors. A larger or smaller 
biological growth component would only understate or overstate the predicted 
growth. 
Fazzalari et al. (1997) observed that 60% of the longitudinal calcified septa in the 
hypertrophic cartilage matrix are resorbed; the other 40% form the basis of the 
primary bone trabeculae. The model presented in this study simulates bone growth by 
decreasing cartilage and primary spongiosa zone heights and increasing secondary 
spongiosa zone height with time. This is in agreement with previous histological 
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studies that reported a proliferative, hypertropic and primary spongiosa zone heights 
decrease and a secondary spongiosa zone height increase with age, throughout 
childhood and pre-puberty (Byers et al., 2000).  
The material properties in the model were assumed to be single phase, linear elastic, 
and homogeneous. Previous studies have modelled cartilage as biphasic, 
incorporating the effects of fluid flow through the solid matrix (Mow et al., 1980; 
Cohen et al., 1994). For physiological loading frequencies around 1 Hz, these 
biphasic models have shown similar results to those obtained with the single phase 
models (Armstrong et al., 1984; Soltz and Ateshian, 1998; Carter and Beaupre, 1999). 
At these frequencies, the water does not have sufficient time to flow out of the 
cartilage. The fluid pressure and matrix shear stress in the biphasic models can then 
be compared to the hydrostatic stress and octahedral shear stress in the single-phase 
model, respectively. 
The model used in this study predicted progression of the growth front over a five 
months period. The modelling algorithm finally stops when the stationary growth 
plate is fully calcified. To simulate growth over a longer period, a re-meshing 
procedure would be needed. This would subdivide the grown elements in smaller 
ones, and allow the growth to take longer. Also, updating the material properties in 
both sides of the growth plate, would allow the simulation of the proximal-medial 
movement of the growth plate during growth. 
The simulations of growth in this study only considered longitudinal growth and the 
primary centre of ossification. Previous studies have examined the effects of 
mechanical loads on secondary centre of ossification (Carter et al., 1998) and 
periosteal ossification, or growth in width (Carter et al., 1996). Combining the models 
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for endochondral ossification and periosteal ossification would allow simulation of 
both longitudinal and radial growth. However, when considering a small time frame 
such as five months, the periosteal ossification can be disregarded. Combining 
primary and secondary centre of ossification would also influence the morphological 
changes in growth plate during growth. Further studies need to be undertaken in this 
direction. 
 
6.5 Conclusions  
Predictions of growth compared well with observations during skeletal growth, in 
which the femoral anteversion angle and the neck-shaft angle are higher in CP 
children and tend to increase according with the severity of the pathology. 
Morphology of the proximal femur is crucial for hip joint function and affects motor 
behaviour in general. Understanding skeletal morphogenesis may help in developing 
clinical techniques for preventing bone deformities and improving function in 
children with affected gait. 
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7. Conclusions 
This thesis interprets the relationship between locomotor behaviour and 
morphological characteristics in children with cerebral palsy.   
Though it is well known that bone deformities arise in children who walk with 
affected gait patterns, no studies to the author’s knowledge have determined the 
influence of gait abnormalities on bone deformities. The work presented in this thesis 
offers a biomechanical understanding of these relationships in children with cerebral 
palsy, supporting the theory that abnormal loading conditions on bones generate bone 
deformities. 
 The work presented in Chapter 3 represents the first study to investigate the 
correlations existing between the three-dimensional bone morphology of femur and 
tibia and the gait characteristics from the three anatomical planes. Previous 
researchers had only examined correlations between two-dimensional bone 
morphology and gait characteristics from one anatomical plane. By using statistical 
tools, such as PCA and Pearson’s coefficient, it was possible to define differences in 
the correlations between gait and bone features between healthy and CP children. 
Moreover, PCA determined differences in gait characteristics between healthy and 
CP children and within CP children as well. In Chapter 4, an objective and 
quantitative method for graphical classification of the gait patterns in spastic diplegia 
was developed and presented. Unlike previous quantitative classifications, the one 
proposed in this thesis classifies children in well known gait patterns, combining 
qualitative and quantitative classifications and therefore provides clinical relevance. 
The different gait patterns in CP children can result in different loading conditions on 
the developing bone, affecting its growth. In Chapter 5, the muscle and hip joint 
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contact forces in one healthy child and three CP children with different walking 
strategies were estimated by using inverse dynamic analysis, representing the first 
step towards estimating the loading conditions on the femur in CP gait. The different 
gait characteristics were reflected by dissimilar patterns and magnitudes of the muscle 
and hip joint loadings. For the first time a complete three-dimensional 
musculoskeletal loadings on femur for CP gait was estimated, representing the 
loading conditions for bone growth analysis. 
In Chapter 6, mechanobiological theories have been applied in order to predict 
proximal femur changes over time in the healthy and in CP children. This study 
incorporates growth in sequential time steps and allows the tracking of changes in 
proximal femoral morphology over time. The models predicted higher femoral 
anteversion and neck-shaft angle formation when the gait of the children with CP was 
simulated, emphasizing how the different gait characteristics can influence the 
morphology of the bone. This suggests that bone deformities in CP children can result 
from altered gait patterns, expressing causality in the relationship between lower limb 
bone morphology and gait characteristics. These results should not be underestimated 
as altered loading conditions on bone may develop severe bone deformities, which 
can engender joint pain, muscle malformation, osteoarthritis and reduce the joint 
function. 
 
7.1 Future work 
This work is unique in the way it combine MR images, gait analysis, statistical 
analysis, inverse kinematics and finite element modelling to investigate the 
relationships between bone morphology and gait characteristics and predict bone 
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growth according to different walking strategies. However there are many 
assumptions and simplifications made in this study that should be addressed in the 
future works. 
This study correlated bone morphology and gait characteristics in eight CP children, 
due to the difficulties related to the acquisition of the MR images from children, 
especially with CP. More significant correlations may be found with a large cohort of 
subjects. 
This work uses principal component analysis in order to model the different gait 
abnormalities exhibited by CP children. Similarly, the Gillette Gait Index, which is 
widely implemented clinically, uses PCA to broadly classify CP children accordingly 
to their degree of abnormality. Relying both on the similar gait characteristics and on 
the principal component analysis, these two methods should be comparable. It would 
be, therefore, interesting in the future to assess the relationship between these two 
methods. 
The muscle optimization function used in this study to calculate muscle forces in CP 
children was based on the minimization of the muscle activation during walking. This 
optimization function is widely used to calculate muscle forces in healthy adults. CP 
children walk differently from healthy children and adults and they probably optimize 
their muscle forces accordingly to other factors, such as minimizing the pain or 
oxygen expenditure, which are not usual in healthy individuals. Therefore more 
studies should be conducted in order to validate an appropriate optimization function 
for CP children. 
The array of bony deformities found in children with CP may vary in severity.  
Therefore, the isotropic scaling of the adult skeleton model used in this study gives 
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only an approximation of the skeletal geometry of a child. Deformation tools, which 
can alter the neck-shaft angle and anteversion angle, have been developed for the 
musculoskeletal modelling but their reliability in large scale variations, as for 
children, still needs to be addressed. As a result, subject specifics model for children, 
able to match three-dimensional bone morphology of the patient, should be 
developed. This would offer a realistic representation of the bone and consequently a 
more reliable representation of the muscle and hip joint contact forces in children. 
Likewise, patient specific models in finite element modelling would be ideal to 
predict exact changes in shape. In this study the assumptions made allowed only 
prediction of CP deviations from healthy. A patient specific simulation with actual 
bone morphology would not only help in accurately define musculoskeletal 
modelling, but also in precisely quantifying the stress distribution on bone and the 
consequential amount and direction of growth. 
Moreover, in this study a temporal model was developed in which the growth is 
predicted in a series of sequential time steps. These time steps represent critical stages 
in determining the progression of the growth front and the development of the overall 
bone morphology. In fact, in order to address the changes in biological growth rate 
during development, the change in loading conditions on the bone should be address 
together with changes in material properties as ossification continues. Thus a model 
that updates loading conditions in the time should be developed in order to predict the 
eventual shape of the bone. 
This study only considered the longitudinal growth of the bone. Previous studies have 
examined the effect of the mechanical loadings on the periostal ossification or radial 
growth (Carter 1996). A combination of both modelling, the periostal ossification 
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with the endochondral ossification, would allow to predict both radial and 
longitudinal growth. 
Understanding how loading influences subsequent growth of the bone could help 
surgeons in pre-surgical planning.  The array of treatment options for children with 
CP alters the bone loads in distinct ways.  The next step in this research would be to 
develop a patient-specific model of surgical planning and rehabilitation in order to 
quantify results of the different treatments, compare them and individuate the best 
cure for the case even before starting it. 
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Appendix 
Matlab code 
% Matlab code for a generic cycle of the workflow. 
% Abaqus and Fortran are called by Matlab trough abaqrun and user. 
% loading steps 
abqrun=['abaqus inter j=childload input=childload.inp 
user=childload.for']; 
status=dos(abqrun); 
% calculate direction of growth and write file 
% node 65449 is the centre of the femoral head 
% node 61198 is the center of the ellipse along the neck. 
load 'D:\ABAQUS\work\childnode.txt' % nodes coord at current step 
h=childnode; 
load 'D:\ABAQUS\work\D.txt' % from URDFIL subroutine 
O=D(2:2:end, 2:end); %displacement of the femoral head center 
P=D(1:2:end, 2:end); %displacement of the centre of the ellipse 
uO=mean(O); 
uP=mean(P); 
P(1)=h(61198,2)+uP(1); 
P(2)=h(61198,3)+uP(2); 
P(3)=h(61198,4)+uP(3); 
O(1)=h(65449,2)+uO(1); 
O(2)=h(65449,3)+uO(2); 
O(3)=h(65449,4)+uO(3); 
% calculate direction of growth 
a=O-P; 
a(4)=1; 
a(5)=-(a(1)/a(2)); 
a(6)=0.; 
fid=fopen('D:\ABAQUS\work\orient.txt','w') 
count = fprintf(fid,'%6.10f, %6.10f, %6.10f, %6.1f, %6.10f, 
%6.1f\n',a) 
fclose(fid) 
% calculate amount of growth = osteogenic index (OI) 
load 'D:\ABAQUS\work\s10.txt' % from URDFIL subroutine 
load 'D:\ABAQUS\work\s30.txt' % from URDFIL subroutine 
load 'D:\ABAQUS\work\s45.txt' % from URDFIL subroutine 
load 'D:\ABAQUS\work\s70.txt' % from URDFIL subroutine 
for i=1:size(s10,1) 
    hydro(i)=min([s10(i,2),s30(i,2),s45(i,2),s70(i,2)]); 
    octa(i)=max([s10(i,3),s30(i,3),s45(i,3),s70(i,3)]); 
    OI(i,1)=s10(i,1); 
    OI(i,2)=3.66+((octa(i)+(0.5*hydro(i)))/10000); 
end 
% calculate temperature of growth in the right nodes 
% contained in gro file 
gro=csvread('D:\ABAQUS\work\grogrups\gro.txt');  
ind=1; 
for i=1:size(OI,1) 
    if (size(find(gro1==OI(i,1)))~=0) 
        temp(ind,1:2)=OI(i,:); 
        ind=ind+1; 
    end 
end 
% write temperature file for growing step 
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temp=temp'; 
fid=fopen('D:\ABAQUS\work\temp.txt','w') 
count = fprintf(fid,'%6i, %7.2f\n',temp) 
fclose(fid) 
% growing step 
abqrun=['abaqus inter j=childgro input=childgro.inp 
user=childgro.for']; 
status=dos(abqrun); 
% calculate the new coordinates n2 for next step 
load 'D:\ABAQUS\work\childnode.txt' 
load 'D:\ABAQUS\work\U.txt' % from URDFIL subroutine 
n1=childnode; 
n2(:,1)=n(:,1); 
n2(:,2)=n(:,2)+U(:,2); 
n2(:,3)=n(:,3)+U(:,3); 
n2(:,4)=n(:,4)+U(:,4); 
% convert node file in the right format 
n2=n2'; 
fid=fopen('childnode2.txt','w') 
count = fprintf(fid,'%6i, %6.10f, %6.10f, %6.10f\n',n2) 
fclose(fid) 
% updated material properties is done directly in the next input 
file 
% 
% start again 
% NEXT STEP 
% loading steps 
abqrun=['abaqus inter j=childload2 input=childload2.inp 
user=childload2.for']; 
status=dos(abqrun); 
........ 
........
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Fortran code 
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